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INTRODUCTION

The ICFA Mini-Workshop on Beam Halo and Scraping was held September 13-15, 1999 at the In-
terlaken Resort on Lake Como, Wisconsin, USA. This was the seventh in a series of mini-workshops
on high intensity, high brightness hadron beams. The previous mini-workshops are:

May 20-23, 1996 at Fermilab, on Transition Crossing.

December 9-11, 1996 at the KEK, on Particle Losses.

May 7-9, 1997 at the BNL, on RF.

November 5-7, 1997 at CERN, on Transverse Emittance Preservation and Measurement.
February 23-25, 1998 at the KEK, on Beam-loading.

February 24-26, 1999 at the RAL, on Injection and Extraction.

o g M w b PE

These mini-workshops are sponsored by the ICFA Beam Dynamics Panel and organized by the
ICFA Working Group on High Intensity High Brightness Hadron Beams. (See the web page
http://www-bd.fnal.gov/icfa/ for more information.)

This mini-workshop on Beam Halo and Scraping was attended by thirty four people from CERN,
KEK, BNL, ORNL, LBNL, IHEP (Protvino), LANL, TRIUMF, ANL, RAL, JAERI and Fermilab.
The list of participants can be found at the end of this proceeding.

The first 1-1/2 days were plenary sessions with 21 presentations. On the afternoon of the second day,
three working groups (WG) were formed:

WG-I on beam halo, led by A. Fedotov (BNL) and J. Holmes (ORNL);

WG-11 on beam loss, led by T. Wangler (LANL), J. Wei (BNL) and J. Alonso (LBNL);

WG-111 on beam collimation, led by D. Kaltchev (TRIUMF) and Y. Mori (KEK).

The charges to the working groups are:

WG-I Beam Halo: What is beam halo? What is the source of it? Beam halo in a linac vs in a ring.
Beam halo in an accumulator vs ina synchrotron. Beam halo simulations vs measurements. Suggestion
for future experiments. Design issues for beam halo minimization.

WG-I| Beam Loss: What are the main origins of beam loss? How to measure it? What are the crite-
ria of tolerable beam loss? Benchmark comparison of different Monte Carlo codes. Code simulations
VS measurements.

WG-111 Beam Collimation: Comparison of different collimation methods. How to do momentum
collimation? Where to locate collimators?

There were a lot of interesting and stimulating discussions on these and other related issues. One
important outcome of this workshop is the agreement that an average beam loss of 1 W/m in the un-
controlled area should be a reasonable limit for hands-on maintenance.

Each group gave a summary report at the final plenary session. The summaries and presentations at
the plenary sessions are published in this proceeding. A contributed paper by S. Koscielniak is also
included. After the workshop, there was a guided tour to Fermilab’s accelerator complex and detectors.

We are indebted to the working group leaders and all the participants for their great efforts to make
this workshop a success. We are also thankful to C. Sazama and P. Poole for their administrative sup-
port. Dmitri Mokhov helped at some stages of the proceedings preparation.
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Proton Driver

W. Chout

Fermi National Accelerator Laboratory
P.O. Box 500, Batavia, Illinois 60510

1 INTRODUCTION

The proton driver under design at Fermilab is a high inten-
sity rapid cycling proton synchrotron. Its function is to de-
liver intense short proton bunches to the target for muon
production. These muons will be captured, phase rotated,
bunched, cooled, accelerated and finally, injected into a
storage ring for neutrino experiments. In this sense, the pro-
ton driver is the front end of a neutrino factory. The first
serious effort for designing a proton driver at Fermilab was
during the summer of 1997 led by S. Holmes. The results
were summarized in Ref. [1]. The present design study is a
continuation of that effort. In particular, this design is tai-
lored to meet the specific needs of a neutrino factory.

In addition to serve a neutrino factory, the proton driver
may have other applications. For example, it would re-
place the present Fermilab Booster as a high intensity new
booster. As such it could provide 6 times as high proton flux
and 12 times as high beam power to the MiniBooNE exper-
iment. It could also increase the beam intensity in the Main
Injector by a factor of 4. The anti-proton production rate
and Tevatron luminosity would be enhanced accordingly.

There are two primary requirements of the proton driver:

1. High beam power: Pyggm = 1.2 MW.

This requirement is similar to other high intensity pro-
ton machines that are presently under design or con-
struction, e.g., the SNS at the ORNL, the ESS in Eu-
rope and the Joint Project (formerly known as the JHF)
in Japan. This similarity makes it possible to establish
a world-wide collaboration for tackling various tech-
nical design issues in a coherent manner.

2. Short bunch length at exit: 6, = 3 ns.

This requirement is unique for the proton driver. It
brings up a number of interesting and challenging de-
sign issues that we must address in the study. The
bunch length is related to the longitudinal emittance e

and momentum spread Ap by:

eL

Op o< —

b Ap
In order to get short bunch length, it is essential to

have:

e small longitudinal emittance (emittance preser-
vation during the cycle);

o large momentum acceptance (in the rf and as well
as in the lattice);

e bunch compression at the end of the cycle.

Le—mail: chou@fnal.gov

It is interesting to compare the proton driver with the LHC
or the former SSC. The LHC and SSC require proton beams
very bright in the transverse plane. Transverse emittance
(e7) preservation is of crucial importance in order to reach
the design luminosity. In the longitudinal plane, however,
€. would be blown up by two orders of magnitude in the in-
jector chain in order to avoid instability and intrabeam scat-
tering problem. The proton driver, on the contrary, requires
high brightness in the longitudinal plane because of short
bunch length, whereas e would be diluted by painting dur-
ing the injection from the linac to the ring in order to reduce
the space charge effect.

2 CHOICE OF MAJOR DESIGN PARAMETERS

The design goal of the neutrino factory at Fermilab is 2 x
1020 useful muons per year to the neutrino experiments. As-
suming one third of the muons in the storage ring is useful,
it requires 6 x 10%° muons per year in the ring. Further as-
sumptions are: one needs 15 protons (at 16 GeV) for every
muon, and there are 2 x 107 seconds for experiments each
year. These give 4.5 x 10 protons per second. At a repe-
tition rate (rep rate) of 15 Hz, 3 x 103 protons per cycle is
required. Therefore, the average beam currentis 72 pA. At
16 GeV, this gives a beam power of about 1.2 MW.

The beam power is the product of three parameters — pro-
ton energy Ep, number of protons per cycle N, and rep rate
frep:

Poeam = frep X Ep X Np

The rep rate is chosen to be 15 Hz for three reasons: (1)
Fermilab has a 15 Hz linac that can be used for the proton
driver. Any rep rate higher than 15 Hz would require a ma-
jor change in the present linac. (2) A rep rate lower than 15
Hz would mean more protons per cycle, which will be dif-
ficult in the present linac. (3) This proton driver is designed
with an upgrade capability for a future multi-TeV muon col-
lider. The life time of a 2 TeV muon is about 40 ms. The 15
Hz rep rate is comparable to the muon decay rate.

The proton energy of 16 GeV is chosen due to the fol-
lowing considerations: (1) Lower energy is not preferred.
Because it would give higher longitudinal phase space den-
sity Ny/ep_ (in which Ny, is the number of protons per bunch),
higher space charge tune shift AQ at top energy (which
would make bunch compression more difficult) and larger
momentum spread %. (2) The present Fermilab linac can

deliver 3 x 10*2 particles at 15 Hz. If the proton energy is
lower than 16 GeV, it would require more particles from the
linac, which will be difficult. (3) The present linac is 400
MeV. For a 16 GeV ring, the dynamic range is about 18,
which should be fine. If further raising the energy, the dy-
namic range would become too large and cause trouble to
the magnets.

Itis clear that the parameter choice made above are based
on the proton driver design itself. However, when con-
sidering the downstream subsystems that the proton driver
would serve, there are two issues that should be pointed out:



1. Arecent MARS simulation of the muon yield vs. pro-
ton energy for a graphite target shows a peak around
Ep =6 GeV. If this result is confirmed by target exper-
iments (e.g., HARP at CERN and E951 at BNL) and
by other simulations (e.g., FLUKA at CERN), it will
play arole in the choice of Ep in the final design.

From the cost point of view, however, a lower energy
ring does not necessarily translate into lower cost. For
the same beam power, the cost of a 16 GeV ring us-
ing the existing 400 MeV linac could be comparable
to that of a lower energy ring plus an upgraded linac.
(A detailed cost comparison is yet to be done.)

2. A rough estimate of the power consumption of the
downstream subsystems, which are mostly in burst
mode operation, shows that it would be prohibitively
expensive for high rep rates. Thus, a lower rep rate is
preferred. However, the target would obviously prefer
a higher rep rate. Therefore, a trade-off investigation
is needed for rep rate optimization. But this is out of
the scope of the current study.

In addition to Pyeam, frep, Ep and Ny, there are two more
important parameters to choose, namely, the bunch length
oy, and number of bunches in the ring.

e Bunch length: A shorter bunch is preferred by the
muon decay channel (to capture more muons per pro-
ton) and by muon polarization. However, several
quantitative calculations of muon yield vs. bunch
length indicate that, when oy, is increased from 1 ns to
3ns, the decrease in muon yield is small (< 10%). The
polarization, on the other hand, has a stronger depen-
dence on o,. Butitis not required by the current study.
For the proton driver, a 3 ns bunch is much easier to
produce than a 1 ns bunch, because a longer bunch
would give smaller space charge tune shift AQ, smaller
momentum spread 42, and smaller bunch compression
ratio. Therefore, it is decided to choose o, = 3 ns.

o Number of bunches: For given total number of protons
in the ring and the length of each bunch, it is preferred
to have more bunches. However, the downstream in-
duction linac, which is for muon phase rotation, can
only deliver 4 pulses per cycle. This limits the bunch
number to 4 in the present design. It should be pointed
out that, there is a new US-Japan initiative (between
Fermilab and the KEK) for developing low frequency
(several MHz) high gradient (0.5-1 MV/m) rf system.
This would open up the possibility of using rf phase
rotation replacing the induction linac. In this case, the
bunch number could be increased to 18 or higher.

The proton driver for the neutrino factory is called Phase I.
Details of Phase | design will be described in the follow-
ing sections. A possible future upgrade of the proton driver
to serve a muon collider is called Phase II. Table 1 lists the
main parameters of the two phases. However, Phase 1l de-
sign will not be discussed in this report. As a comparison,

the present proton source parameters are also listed in Ta-
ble 1.

3 TECHNICAL SYSTEMS

The proton driver consists of a new 16 GeV synchrotron
that would be installed in a new tunnel, a moderate
Linac upgrade and two new transport lines (400 MeV and
16 GeV). The design of each technical system has been
worked out to some detail and will be briefly described be-
low.

3.1 New linac front end

In order to use much of the present linac as an injector for
Phase | of the proton driver, the linac must provide H™ ions
in excess of 5400 mA-us (60 mA and 90 us). Although
both the beam current and pulse length are within the ca-
pability of the system, the beam loss and induced radiation
in the structure at high intensity operation would become a
problem so hands-on maintenance may suffer. Therefore, it
is planned to change the front end for increasing the trans-
verse brightness of the beam. The new front end consists of
a brighter source (either a modified magnetron or a DESY
rf type volume source), a short electrostatic focusing struc-
ture (LEBT), a 201 MHz RFQ from 30 keV to 1 MeV, an
isochronous transport line made of two 270° bending mag-
nets (the a-magnets) and five quads, a second 201 MHz
RFQ from 1 MeV to 2.235 MeV, and a modified Tank 1
(DTL), in which the first 18 drift tubes will be eliminated.
The rest of the linac (i.e., Tank 2 to 5 and the CCL) will re-
main as it is now. With these modifications, it is expected
that the transverse beam emittance er at 400 MeV would be
decreased from 8 ® mm-mrad (present value) to 3 = mm-
mrad. This would greatly reduce beam losses in the linac,
which is believed to be mainly due to the aperture limit in
the system.

3.2 Chopper

A new type of chopper has been designed and built in col-
laboration with the KEK. [2] This is a pulsed beam trans-
former made of three 1”-thick Finemet cores. It is driven
by two HTS 81-09 transistors for a bipolar operation. It is
placed in front of the RFQ and modulates the injection beam
energy by +10%. The rise- and fall-time of the chopper
is about 30 ns. A prototype has been installed on the linac
of the HIMAC, a medical accelerator center in Japan. The
beam test was successful [3].

3.3 400 MeV line

The 400 MeV line connects the linac to the 16 GeV ring. It
will be made of permanent magnets, similar to the present
8 GeV line.

3.4 16 GeV line

In the present layout, the 16 GeV transport line is about 2
km long and connects the driver to the target station. A ma-



Table 1: Proton Driver Parameters of Present, Phase | and Phase |1

Present Phase | Phase 11
(v-factory)  (uu-collider)

Linac (operating at 15 Hz)
Kinetic energy (MeV) 400 400 1000
Peak current (mA) 40 60 80
Pulse length (us) 25 90 200
H~ per pulse 6.3x 102  3.4x108 1x10%
Average beam current (LA) 15 81 240
Beam power (kW) 6 32 240
Pre-booster (operating at 15 Hz)
Extraction kinetic energy (GeV) 3
Protons per bunch 2.5x10%
Number of bunches 4
Total number of protons 1x10%
Normalized transverse emittance (mm-mrad) 2007
Longitudinal emittance (eV-s) 2
RF frequency (MHz) 7.5
Average beam current (LA) 240
Beam power (kW) 720
Booster (operating at 15 Hz)
Extraction kinetic energy (GeV) 8 16 16
Protons per bunch 6x100  75x10%2 25x10%
Number of bunches 84 4 4
Total number of protons 5 x 1012 3x 1013 1x 101
Normalized transverse emittance (mm-mrad) 15n 607 2007
Longitudinal emittance (eV-s) 0.1 2 2
RF frequency (MHz) 53 1.7 7.5
Extracted bunch length o; (ns) 0.2 3 1
Average beam current (LA) 12 72 240
Target beam power (kW) 100 1200 4000

jor portion of it would be in the Tevatron tunnel. A pre-
liminary design using FODO lattice has been worked out.
One concern about transporting intense (N, = 7.5 x 10%?)
short (o, = 3 ns) bunches in this long line is possible bunch
lengthening due to space charge and lack of longitudinal
focusing. However, PARMILA simulation shows that the
beam longitudinal emittance growth is negligible in this
line.

3.5 16 GeV ring lattice

In order to minimize longitudinal emittance dilution, a prin-
cipal requirement in the lattice design is that it should be
transition free. This excludes the traditional FODO lattice
fora 16 GeV ring. One must consider the flexible momen-
tum compaction (FMC) type lattice. Other requirements in-
clude: Bmax < 1.5T, large dynamic aperture (> 100w mm-
mrad), large momentum acceptance (32 = -+2.5%), and
dispersion free straight sections for rf. Due to the impor-
tance of a collimation system in this high intensity machine,
the collimator design must be coupled to the lattice design.

There are presently two FMC lattices under study. One

is triangular shape. The circumference is 711.3 m, which
is 1.5 times the size of the present booster. Another lat-
tice is racetrack shape. Both give large or imaginary % and
use sextupoles to increase the momentum acceptance. The
choice will be made after a careful comparison between the
two lattices.

3.6 Injection and extraction

In order to reduce space charge effects, the injected beam
will be painted in both transverse and longitudinal phase
space. The horizontal injection system consists of 4 orbit
bumpers and 2 fast kickers. The latter are used for painting
and are located 90° apart (in phase) from the foil on each
side of the foil. The foil temperature rise and beam emit-
tance dilution during multiple passes through the foil have
been calculated and should not be a problem.

Because this machine uses a resonant power supply, only
1-turn fast extraction is considered. At this moment, only
one extraction point has been designed. A second extrac-
tion pointis possible if one could demonstrate that it would
be safe to place rf in dispersive region (i.e., in the arcs).



3.7 RF system

The required total rf voltage is about 1.2 MV. Due to the
compact size of this machine, the cavity must have high gra-
dient (30 kV/m). Study shows that Finemet cores (which is
a new type of magnetic alloy) can withstand higher rf B-
field than regular ferrite and, thus, provide higher gradient.
The problem about Finemet is that it has low Q and is lossy.
But this can be partially solved by cutting the core to two
halves. In order to reduce eddy current heating, the sharp
edges of the cut core should be shaped such that the radial
B-field is minimized. A prototype 14 kV, 7.5 MHz Finemet
cavity has been built at Fermilab in collaboration with the
KEK. It will be tested in the Main Injector for 132 ns bunch
spacing coalescing experiment.

In addition to this acceleration rf system, another rf sys-
tem for bunch compression is also under investigation. [4]
The main difference between the two systems is the duty
factor. The one for acceleration will be used for 50% of the
cycle, whereas that for bunch compression is put to use for
justhundreds us ina cycle. Therefore, the latter could work
at mush higher gradient (0.5-1 MV/m).

3.8 Magnets

The main requirements are large aperture (dipole: 12.7 x
31.8 cm?, quad: 8.56 cm pole tip radius) and large good
field region (dipole: % < 1073 within 410 cm). The lam-
ination uses 0.014” silicon steel M17. The quadrupole de-
sign is basically the same as the large quad in Fermilab Ac-
cumulator, except that it will use 4-piece laminations in-
stead of 2-piece.

3.9 Power supplies

Four proposals have been considered: (1) programmable
IGBT (as the MI sextupole power supply), (2) single 15
Hz resonance circuit (as in the present booster), (3) dual-
resonance (15 Hz plus 12.5% 30 Hz component), and (4)
dual-frequency (up-ramp 10 Hz, down-ramp 30 Hz). After
a careful comparison, (3) is chosen. The reasons are the fol-
lowing. It is cheaper (by a factor of 2) than (1); it can save
25% rf power compared with (2); and it has no ripple prob-
lem at injection, which is a main concern of (4).

In addition to the main power supply, a second power
supply for correcting the tracking error between dipole and
quad has also been designed. It drives the trim coils in
the quads and uses bucking choke for cancelling the trans-
former effect between the main and trim coils.

3.10 Vacuum system

In a rapid cycling machine, the eddy current in the beam
pipe is a major problem. The ISIS solution, which uses
ceramic pipe equipped with a metallic cage inside, works
well. However, itrequires additional vertical aperture of the
magnet. The alternative is to use thin metallic pipe. Three
designs are being pursued: a 0.05” Inconel pipe with cool-
ing tubes, a 0.005” Inconel pipe with ribs, and a compos-
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ite material pipe with a thin Inconel (or Ti-Al) sheet inside.
The pipe size is 5” x 9”.

The vacuum system design would give a vacuum of 108
torr or lower. Such a vacuum would eliminate the con-
cern about possible e-p instability as observed in the PSR
at LANL.

3.11 Collimators

A 2-stage collimator system has been designed. Calculation
shows that it can capture more than 99% of the lost particles.
With such a highefficiency, even for 10% loss at injection or
1% loss at ejection, the beam loss level in most of the tunnel
would be below 1 W/m. Therefore, hands-on maintenance
would be possible. The area near the collimators would be
radioactively hot and require special local shielding.

4 TECHNICAL DESIGN ISSUES
4.1 High longitudinal brightness

One of the most demanding issues in the proton driver de-
sign is how to achieve the required longitudinal brightness.
Table 2 is a comparison of the longitudinal brightness Ny/e
in existing as well as planned proton machines.

The protondriver Phase | requires 3.8 x 102 particles per
eV-s, which is higher than most of the existing machines,
with the exception of the PSR and ISIS. (The PSR is an 800
MeV accumulator ring. The ISIS, although an 800 MeV
synchrotron, uses low field magnets, a small rf system, and
has no sextupoles.)

In order to achieve high longitudinal brightness, one has
to preserve g, which is in contrast to the controlled blow-
up of g in many high intensity machines for keeping beam
stable. The following measures are taken for g_ preserva-
tion:

e Avoid transition crossing in the lattice design. This

eliminates a major source of emittance dilution.

Avoid longitudinal microwave instability by keep-
ing the beam below transition (The capacitive space
charge impedance helps stabilize the beam when be-
low transition) and keeping the resistive impedance
small (using a uniform metallic beam pipe).

Avoid coupled bunch instability by using low Q rf cav-
ity.

Apply inductive inserts for space charge compensa-
tion.

Apply active longitudinal feedback system.

4.2 Bunch compression

A bunch compression is needed at the end of the cycle in or-
der to shorten the bunch to 3 ns. There are at least three pos-
sible ways to do this gymnastics: (1) RF amplitude jump,
(2) RF phase jump and, (3) % manipulation. The achieved
compression ratio of either method is in the range of 3-5.



Table 2: Longitudinal Brightness of Proton Machines

Machine Emax Niot Np e Np/eL
(GeV) | (10'?) | (10%?) | (eV-s) | (10%%/eV-s)

Existing:
CERN SPS 450 46 0.012 0.5 0.024
FNAL MR 150 20 0.03 0.2 0.15
FNAL Booster 8 4 0.05 0.1 05
PETRA II 40 5 0.08 0.12 0.7
KEK PS 12 3.6 0.4 0.4 1
DESY Il 7.5 1.2 0.11 0.09 12
FNAL Main Inj 150 60 0.12 0.1 1.2
CERN PS 14 25 1.25 0.7 1.8
BNL AGS 24 63 8 4 2
LANL PSR 0.797 23 23 1.25 18
RAL ISIS 0.8 25 125 0.6 21

Planned:
Proton Driver Phase | 16 30 7.5 2 3.8
Proton Driver Phase Il 16 100 25 2 12.5
Japan JHF 50 200 125 5 25
AGS for RHIC 25 0.4 0.4 0.3 1.3
PS for LHC 26 14 0.9 1.0 0.9
SPS for LHC 450 24 0.1 0.5 0.2

Method (1) is most common among the labs. Although
Fermilab has many years of experience with this operation,
the high bunch intensity poses new problems:

1. During debunching, the beam momentum spread will
decrease. This may give rise to microwave instability.

Also during debunching, the rf voltage will decrease.
This may cause severe beamloading effects.

In aregular bunch rotation simulation, the momentum
compaction is assumed to be a constant o. However,
the protondriver lattice is nearly isochronous (o.g = 0).
The higher order terms oy become important. Thus,
particles with different 22 have different path length
AL. This complicates the bunch rotation process.

Due to short bunch length, the tune shift AQ from di-
rect space charge and image charge remains large even
at 16 GeV. This AQ also gives different path length
AL. In other words, the path length of each particle de-
pends not only on its longitudinal position but also on

its transverse amplitude. This effect couples the longi-
tudinal and transverse motion and is a new challenge
to beam dynamics study.

Items 3 and 4 causes the so-called “n-spread” (n is the
slip factor), which must be taken into account in theoreti-
cal modelling as well as in numerical simulations.

These problems have got the attention of beam physi-
cists. Several labs (Fermilab, BNL, KEK, CERN, GSI and
Indiana Univ.) have decided to carry out experimental stud-
ies ina “contest” — to see who can get the highest peak cur-
rent, longitudinal brightness and compression ratio.
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4.3 Transient beamloading

This problem is crucial to the intense short bunch operation.
The single bunch intensity (7.5 x 101?) gives a charge q =
1.2 uC. For a 14 kV cavity and a gap capacitance C = 300
pF, the single pass beamloading voltage g/C would reach 3
kV, which has to be compensated. However, because the
bunchis very short (6, = 3 ns), how to inject a short current
pulse to do the compensation is challenging. This is a high
priority item in the proton driver study. The plan is to use
an rf feedforward system for global compensation and an rf
feedback system for reducing bunch-to-bunch and turn-by-
turn variations for a total reduction of 20-30 dB.

4.4 Space charge and instabilities

Space charge is a main limitation to achieve high intensity
proton beams, in particular at injection. In order to reduce
the Laslett tune shift, a large transverse emittance (60 mm-
mrad, normalized, 95%) is used. Both transverse and lon-
gitudinal phase spaces will be painted for a uniform particle
distribution. Itis also planned to use inductive inserts to re-
duce the potential well distortion from the space charge. An
experiment is going on at the PSR/LANL using inductive
modules provided by Fermilab. The results are encourag-
ing. For given rf voltage, the achievable beam intensity is
increased when the inserts are applied. More measurements
will be done to study the effects of the inserts to the beam.

There are two categories of instability problems in the
proton driver. One is the “conventional” type, for instance,
impedance budget, resistive wall, slow head-tail, Robinson,
coupled bunch, etc.. These are by no means trivial. How-



ever, one knows how to deal with them. Another type is
“non-conventional,” which is not well understood but is im-
portant to the proton driver. For example:

e Longitudinal microwave instability below transition.
In theory, the capacitive space charge impedance helps
to make beam stable when it is below transition. How-
ever, a recent SPS experiment showed that, even be-
low transition, a coasting beam can be unstable. It is
not clear if the same would be true for a bunched beam.
More experiments are needed.

Fast head-tail (transverse mode-coupling) in the pres-
ence of strong space charge. This type of instability is
clearly observed in electron machines. However, it has
never been observed in any proton machine. There are
two possible explanations:

1. If the betatron tune spread AQg in a proton ma-
chine is many times larger than the synchrotron
tune Qs, then the mode lines (m = 0, +1, ...)
would get smeared and there won’t be any cou-
pling.

In low- and medium-energy proton machines,
the space charge force is significant. It would
shiftm = —1 mode downward as the beam inten-
sity increases. Meanwhile, the inductive broad-
band wall impedance would shift this mode up-
ward. Thus, they intend to cancel each other.
This makes the coupling between the mode m =
0 and m = —1 more difficult.

These claims need support from more careful analyti-
cal and numerical study.

Synchro-betatron resonance due to dispersion in rf
section. Due to the compact size of the proton driver,
some rf cavities may have to be installed in the disper-
sionregion. The concern is about the synchro-betatron
resonance kQg +mQs = n. In previous studies, the
case k = 1 has been fully analyzed [5]. However, the
cases of k = 2, 3, ... remain open.

4.5 Particle loss, collimation and shielding

Here the main concern is the hands-on maintenance, which
requires the residual dose below certain level before one
may proceed to do any repair work. Monte Carlo simula-
tions using the code MARS show that, at an average particle
loss rate of 1 W/m, the residual dose after 30 days irradia-
tion and 4 hours cool down would be below 100 mrem/hr.
This result agrees with that obtained at LANL and ORNL.
To meet this requirement, a collimation system has been
designed. It has a capture efficiency better than 99% and
would allow 10% particle loss at injection and 1% loss at
extraction during normal operation.

The MARS code was also used for radiation shielding
calculation. The needed dirt thickness for shielding 1-hour
accidental full beam loss is 29 feet. It is close to the result
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obtained from the simplified scaling formula (the Dugan
criterion), which gives 32 feet.

4.6 Other issues

A number of other design issues are also under investiga-
tion, including FMC lattice design for large momentum and
dynamic aperture, beam injection when magnet current has
asecond harmonic (i.e., B has a large non-zero value), injec-
tion painting, tracking error correction, cooling and induced
field error correction of thin metallic pipes, high intensity
high brightness H™ source design, fringe field correction of
large aperture dipoles and quads, etc.

5 SUMMARY

Over the past year a team in the Beams Division has been
working on the proton driver for Fermilab. Significant pro-
gresses have been made to reach the Phase | design goals.
A Phase | proton driver consists of a modest improvement
of the linac front end, a new 16 GeV synchrotron in a new
tunnel and two new beam lines (400 MeV and 16 GeV). It
meets the needs of a neutrino factory and can provide a 1.2
MW proton beam with 3 ns bunch length. It also allows an
upgrade path to a beam power of 4 MW and bunch length
of 1 ns, which will be required by a future muon collider.
In addition to serve a neutrino factory and/or a muon col-
lider, the system would also serve as a complete functional
replacement for the Fermilab Booster, providing upgraded
capabilities in the future for the programs that the Booster
would otherwise have served. New physics programs based
on the stand-alone capabilities of the proton driver as an in-
tense source of proton beams would also be enabled.

The Fermilab management has scheduled an internal
technical review of the proton driver design study on April
17-19, 2000. A complete design report will be due early
2001.
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Abstract

A superconducting proton linac delivering a mean beam
power of 4 MW is being considered at CERN as a
potential front end for the proton driver of a neutrino
factory. Built mostly with the rf equipment to be
recuperated from LEP after its decommissioning, it would
provide H- ions at a kinetic energy of 2 GeV, which is
adequate for the production of pions and muons. The
requirements specific to a neutrino factory are
summarized, and the basic design of such a linac-based
proton driver is given. Subjects of further studies are
outlined.

1 INTRODUCTION

Superconducting proton linacs are efficient at
providing a high beam intensity up to slightly more than 1
GeV kinetic energy and they are exploited in most
projects aiming at high beam power [1, 2, 3, 4]. A
previous study [5] has shown that a 2 GeV
superconducting linac can be built at CERN using the
large inventory of 352 MHz rf and superconducting
cavities available after the decommissioning of LEP-2.
The existing complex of high energy accelerators as well
as the radio-active ion facility (ISOLDE) would benefit
from the higher beam performance and repetition rate,
while the renewal of the low energy part of the accelerator
chain would positively improve the long term reliability.
Moreover, the proposal was recently made [6] to design
that linac for a higher mean beam power and use it as the
front-end of a proton driver for a neutrino factory [6].

However the time structure of the beam required by
the complex of muon accelerators behind the target is not
directly feasible out of a linac, and special techniques
must be implemented making use of an accumulator ring.
These requirements were highlighted at a recent workshop
[7] and possible solutions have since been envisaged.

2 REQUIREMENTS OF A NEUTRINO FACTORY

Existing studies for muon colliders and neutrino
factories have concluded that 4 MW of proton beam
power is adequate for achieving their physics goal [8].
During the first workshop on neutrino factories [7] the
working group on targets quickly established that:

- this is the maximum power any conceivable target could
reasonably handle,
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- pion and consequently muon production in the low
energy range depends mainly on beam power for
T>2GeV.

Consequently the 4 MW figure has been used as a
common specification for all proton driver scenarios.

The time structure of the pions/muons beam after the
target must comply with the needs of the muon
acceleration complex. Table 1 summarizes the
requirements for the proton beam hitting the target,
assuming that the muon beam is treated as foreseen in
reference 7. This corresponds to a peak power during the
beam pulse exceeding 10 GW (assuming the fastest
tolerable repetition rate of 100 Hz, and a beam pulse of
4 us) which is far outside the capability of an rf linac. An
accumulator ring is therefore absolutely necessary.

Table 1: Requirements imposed on the proton beam time

structure
Parameter Value Source of constraint
Bunch duration |~ 1ns Uncertainty in pion decay
(rms) time
Time interval |>100ns | First bunch rotation after
between target
bunches > 300 ns | Second bunch rotation
Total duration |afew us | Revolution time in the
of beam pulse muon storage ring (single
turn injection)
Beam pulse <100 Hz | Background rejection in
repetition rate the distant experiments
Power consumption in the
muon accelerator complex

Since the longitudinal emittance of the bunches must
be small, the accumulation process has to be able to
provide the ultimate density tolerable in the ring. Charge
exchange accumulation is the only possible solution and
hence the linac must deliver H™ ions. Moreover, gaps are
necessary in the bunch train received by the accumulator
to minimise loss and optimise longitudinal emittance of
the accumulated beam. A fast beam chopper is therefore
needed for precise control of the bunch train.




3 PROTON DRIVER BASED ON A
SUPERCONDUCTING PROTON LINAC (SPL)

3.1 SPL design

Based on the design work published in 1998 [5], the
proposed linac has the characteristics listed in Table 2.
The beam power during the pulse is 20 MW (10 mA at 2
GeV) so that a 20 % duty factor is used to deliver the
specified mean beam power of 4 MW (for example 2 ms
pulses at 100 Hz repetition rate, or 4 ms at 50 Hz). The
schematic layout of the Linac is shown in Figure 1.
Superconducting rf structures are used in the range of
kinetic energies between 100 MeV and 2 GeV, while the
lowest energy part operates at room temperature.

Table 2: Superconducting linac characteristics

Energy 2 GeV
Mean current 10 mA
Duty cycle 20 %
Beam power 4 MW
Maximum bunch current 40 mA
(maximum number of charges per | (7x10°)
bunch)

Transverse emittance (rms, norm.) 0.6 | um
Longitudinal emittance (total) 80 | peVs
Rms bunch length at output 6 ps

The H beam from the source is bunched and
accelerated up to 2 MeV by a first Radio Frequency
Quadrupole (RFQ) at 352 MHz. At that energy, a fast
travelling wave electrostatic chopper (rise and fall times <
2 ns) eliminates the unwanted bunches and provides the
optimum bunch train for filling the accumulator with a
minimum of uncontrolled beam loss and induced
activation. A promising design with the required rise time
is being developed at Los Alamos for the SNS project [9].
For a given mean current of 10 mA during the pulse, the
required source current as well as the bunch current
depend upon the chopping factor.

The value of 40 mA assumed in Table 2 is possible

50 keV
-~ 12m

2 MeV
v

7 MeV 100 MeV
100m

2011/IeV 5€MeV

|

with existing H sources and space charge effects are
tolerable. A second RFQ brings the energy up to 7 MeV.
Dedicated sections inside both RFQs provide matching to
the chopper and to the second RFQ.

Between 7 MeV and 20 MeV, the beam is
accelerated in a standard room temperature Drift Tube
Linac (DTL) section. Above 20 MeV less conventional
DTL sections are used with the focusing quadrupoles
either in only a fraction of the drift tubes (Quasi-DTL) or
outside of the DTL tanks (Separated-DTL).

The superconducting (SC) structure starts at 100
MeV. It is sub-divided into 4 sections made of cavities
optimised for beta 0.48, 0.66, 0.8 and 1 respectively. The
4-cell cavities at beta 0.48 will be fabricated in bulk
niobium, while the others use the standard CERN
technology of niobium sputtering on copper [10]. The 4-
cell cavities at beta 0.66 exploit some components
recuperated from the LEP-2 cavities like the input
coupler, while the 5-cell beta 0.8 cavities are housed in
LEP-2 cryostats. Existing LEP-2 cavities are directly
employed along the 320 m long beta 1 section. The
existing input rf coupler is perfectly compatible with the
SPL current of 10 mA.

The effective accelerating gradients in the four
sections are shown in Figure 2. In spite of the fact that the
present LEP run has demonstrated that LEP-I1 cavities can
operate above their design value of 6 MV/m and that a
further improvement could be expected in pulsed mode,
the SPL design is based on a conservative value of 7
MV/m for the beta 1 section. The reason is that the
existing LEP waveguide distribution system, based on 8
cavities per klystron, can be re-used without modification.
In case gradients higher than 10 MV/m could be reached
in pulsed mode by at least part of the LEP cavities, a
layout with 4 cavities per klystron and a much shorter
linac would become the natural choice. For the 5-cell beta
0.8 cavities, instead, a gradient of 9 MV/m can be
reasonably assumed, extrapolating from the CW
measurements done on a test cavity. This gradient would
need 4 cavities per Klystron. The section made of beta
0.66 cavities has a much lower gradient, based on the tests

1 GeV 2 GeV

300m

320m
240MeV 4 00MeV

H"[{RFQ1 chop. RFQ2HDTL |QDTL SDTL

B05B066BO8

LEP-II

Source Low Energy section  Drift Tube Linac

Superconducting low-f3  Superconducting =1

Achromatic bending
and collimation

Figure 1: Schematic layout of the SPL



done on a niobium-sputtered cavity, and again 8 cavities
per Klystron would be appropriate. To overcome the
problem related to sputtering at low angles, a new beta 0.7
test cavity is in production, with a geometry optimised for
the sputtering process. This type of cavity is expected to
be able to run at higher gradients, and finally to replace
the entire beta 0.66 section in the SPL design.

8 1

modules with their cryostats are re-used, i.e. only 36% of
the 72 presently installed in LEP. Moreover, 12 cryostats
are recuperated for the beta 0.8 modules, giving a total of
38 cryostats that can be re-used (53%). Most of the LEP-2
klystrons (36 plus some spares), the high voltage
distribution boxes, the high voltage high power converters
and a large fraction of the waveguide distribution system

0.8
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Energy [MeV]

Figure 2: Effective gradients in the 4 sections of the superconducting linac

Pulsing superconducting rf structures presents some
difficulties due to microphonic vibrations which randomly
detune the resonators and perturb the phase and amplitude
of the accelerating field. However simulations show that
adequate servo-systems can in principle reduce these
effects to acceptable levels, especially in the case of the
stiff Nb-sputtered copper cavities [5]. On the other hand,
pulsed operation should allow for higher gradients than in
CW (tests are foreseen in the near future), and it should
also help operate at lower Q-values, the static cryogenic
losses being dominant.

The hardware components of the linac and some of
their characteristics are listed in Table 3. Each of the 33
klystrons used in the superconducting part operates at a
maximum power of 800 kW, with a comfortable safety
margin for phase and amplitude control with respect to
their maximum power of 1.3 MW.

Each klystron feeds 8 cavities in the beta 0.48, 0.66
and 1 sections, and 4 cavities in the beta 0.8 section which
works at a higher gradient. The power per Klystron in the
two lower beta sections is deliberately kept low (200-400
kW) to limit to 8 the number of cavities each one of them
feeds and ease the regulation problem and the complexity
of the distribution network. A total of 26 LEP-2 4-cavity
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are recuperated, making up about 90% of the linac rf
system.

The management of beam losses is a major concern
for the design of such a high intensity linac. The general
agreement among accelerators experts is that in order to
allow hands-on maintenance of the machine, distributed
losses have to be kept below 1 W/m. For the SPL, this
means a relative loss of only 2.5x 107 per meter at 2
GeV. Particular care has therefore to be put into the
design in order to avoid the migration of particles into
diffused halos that would lead to uncontrolled losses along
the machine. This can be achieved by preventing
mismatches between sections, making use of proper
matching units and by avoiding abrupt changes in the
focusing parameters. The important role played by space
charge in halo formation favors in this respect the lower
bunch currents. For example, in the SC section the beam
dynamics is space charge dominated for bunch currents
exceeding 40mA. An important feature of the
superconducting cavities used in the SPL is the large
aperture (between 200 and 240 mm), that allows most of
the halo particles to be transported up to the end of the
linac in the transport line, where they can be properly
removed by special collimators.



Table 3: SPL hardware

Section Output energy Frequency No. RF Power No. Length
[MeV] [MHz] Cavities [MW] Klystrons [m]
RFQ1 2 352.2 1 0.5 1 2.5
RFQ2 7 352.2 1 0.5 1 4
DTL 100 352.2 29 5.8 6 99
SC 3=0.48 235 352.2 40 1.4 5 89
SC 3=0.66 360 352.2 24 1.2 3 60
SC 3=0.8 1010 352.2 48 6.5 12 148
SC LEP-2 2000 352.2 104 9.9 13 320
TOTAL 303 25.8 41 ~723

3.2 Accumulation / compression scheme

The capabilities of the accumulation and compression
set-up will probably dictate a number of characteristics of
the proton driver, like the minimum number of bunches,
the maximum number of protons per pulse and
consequently the minimum repetition rate. Work is
progressing in that direction but no conclusion can be
drawn yet concerning feasibility. Although different
designs are under investigation, they share the basic
principles illustrated in Figure 3.
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In the case represented, the linac is pulsed every 10
ms (100 Hz) and provides a beam pulse of 2 ms duration.
This beam pulse is accumulated in a first ring, using
charge exchange injection. Assuming a ring which fits
inside the existing ISR tunnel at CERN, the revolution
time is 3.4 ps so that 590 turns are injected in 2 ms. The
pulse is made up of bursts of 30 consecutive 1 ns long
bunches of 6 x 10° protons, spaced by one wavelength at
352.2 MHz (2.84 ns) with a periodicity of 284 ns (100
wavelength at 352.2 MHz). These bursts build up the
intensity in 12 macro-bunches (~ 85 ns long) circulating
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Figure 3: Beam accumulation and bunch compression scheme
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in the accumulator. After the linac pulse each bunch is
made up of 1.04x10" protons, and the accumulator
contains a total of 1.25x10" protons.

A promising idea for achieving a high enough
longitudinal density of protons is for the accumulator to
be isochronous. Bunches can be progressively populated
without spreading in azimuth and in principle without the
need for an rf system.

Sketches of a macro-bunch in the longitudinal phase

Moreover, experimental results are necessary to
precisely quantify the relative efficiency of pion collection
from protons of various energies and help decide upon the
optimum proton beam energy.

Finally, since research and development concerning
devices and concepts used for the muon accelerator
complex have only recently begun, new ideas are likely to
appear and modify the requirements on the proton beam
characteristics. In this respect, the flexibility of a linac-

plane during accumulation (a) and after bunch based facility makes it superior to a facility built with
compression (b) are shown in Figure 4. rapid cycling synchrotrons.
TBC()MP
TB
Energy — A/P scc /P cor
(4p/p) b) after bunch
/Py ac a) during rotation
Time accumulation v
Figure 4: Macro-bunch in the longitudinal phase plane

At the end of the 2ms injection process, macro-
bunches are long and have a small energy spread
(estimated parameters: T,=85 ns, Ap/p,..=2.8x10%). REFERENCES

Conservation of longitudinal emittance imposes that:

Ts XAP/ Pace =Tacomr X AP/ Peowe
so that, for given bunch lengths during accumulation and
on the target, the final momentum spread is directly
proportional to the momentum spread at the end of
accumulation.

Since the bunch sent to the target must be short it has
to have a large Ap/p (estimated parameters: T,..,,»=6 NS,
Aplp,,,,,=4x10?). Such a large Ap/p is difficult to handle
in the accumulator ring which would need a very large
physical aperture because of its large momentum
compaction factor and large size. The proposal is
therefore to transfer the 12 bunches immediately after the
end of accumulation into a compression ring, with a much
smaller momentum compaction factor and adequate rf for
bunch rotation.

Acceptances of such an isochronous ring, beam
stability in all planes, design of a realisable charge
exchange injection scheme are among the numerous
issues being addressed to evaluate the feasibility of such
an accumulation/compression set-up.

4 CONCLUSION

A superconducting 2 GeV linac is capable of
efficiently delivering the 4 MW of beam power required
on the target of a neutrino factory. But adequate beam
characteristics also depend upon the design of the
accumulator and compressor rings which is still in
progress.
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Beam Halo Working Group Summary

A. V. Fedotov!, C. Ankenbrandit,
R. L. Gluckstern, J. Holmes, S. Kurennoy,
S. Machida, K. Y. Ng, J. Qiang, R. Ryne

1 CHARGE TO WORKING GROUP

. Definition of beam halo.

. Difference of halo formation between linacs and rings.

. Difference between accumulator ringsand synchrotrons.
. Comparison between simulations and measurements.

. Future experiments.

. Minimization of halo.

. Ratio of Bmax/Bmin-

. Other issues.
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2 DEFINITION OF BEAM HALO

Ingeneral, onerefersto”halo” aslong asthere aretail s out-
sidethebeam core. Regardlessof their extent, thesetailsare
referred to as halo. The definition of halo as particles only
outside several sigmas of the beam distributionis arbitrary
and may be misleading.

e The definition of halo is not important. What really mat-
tersisthe source of halo. For example, ”Parametric Halo”
(PH.) iscaused by the parametric (2 : 1) resonance between
individual particles and collective modes of the bunch.

e PH. ishelieved to be the main source of halo in Linacs.
e PH. may also exist in circular machines. Its existence
will be strongly machine dependent. Depending on ma-
chine specifics, PH. will not necessarily be an important
source of halo. For typical circular machines other sources
of halo may be more important.

3 DIFFERENCE OF HALO FORMATION
BETWEEN LINACSAND RINGS

e Linacs - main effect: PH.

e Rings- 1. PH. ispossible, and should be studied for each
individual machine. 2. Machine resonances.

e PH. (Linacs) - strong tune depressions govern rapid halo
development.

e PH. (Rings) - small tune depressions result in very slow
halo development. The most important question regarding
PH. in Ringsistherate of halo development.

4 DIFFERENCE BETWEEN ACCUMULATOR
RINGS AND SYNCHROTRONS

Atlow energy (where space-charge isimportant) thisdiffer-
enceisirrelevant to PH. development. Thisquestionisim-
portant primarily for halo formation due to resonance cross-
ing: 1. Resonance crossing in the direction of space-charge
tune shift increase is accompanied by total beam loss. 2.
Resonance crossing in the direction of space-charge tune
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shift decrease (for example, dueto accel eration) resultsonly
in afinite beam size increase.

5 COMPARISON BETWEEN SIMULATIONS AND
MEASUREMENTS

There are no good measurements of PH. in real machines.
Some measurements were attempted, with unclear results,
at LANL in70’s. Experimental observationof PH. wasalso
reported at University of Maryland in the early 90’s. Cur-
rently, all predictionsrely on computer simulations.

6 FUTURE EXPERIMENTS

Some proposed experiments are: LANL (LEDA experi-
ment) - year 2000; BNL (AGS booster experiment) - year
2000; Japan (HIMAC experiment) - in progress. It is
planned to measure and study beam profilesand beam loss.
Unfortunetly, standard diagnostic techniques allow only
one percent accuracy instead of required 104 or even 103,
However, specia diagnostic techniques will be employed
for these purposes at the LEDA experiment.

7 MINIMIZATION OF HALO

e Linacs: Use strongly focused well-matched beam, and
apertures much larger than rms beam size.

e Rings: Split bare tunes to stay away from coupling reso-
nances; stay away from machine and structure resonances.
Also, keep in mind that different beam distributions and
beam shapes lead to different maximum tune shifts.

8 RATIO OF Bumax/Bmin

e Thisquestionisnot related to natural coherent oscillations
and thusisirrelevant to PH. development.

e Small ratios are desired to minimize effect of non-
linearities; stay away from envelope instabilities.

9 OTHERISSUES

e Longitudina halo - 1. Longitudinal PH. is an important
issuefor Linacs. 2. Itisexpected that longitudinal PH. will
not develop in Rings.

o Dispersion - Effect of dispersionon halo formationshould
be studied for Rings with low tune depression.

o Analytic predictions are relatively limited, therefore, re-
liable 2D and 3D computer simulations are needed for halo
studiesin Rings.
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Abstract

The latest designs for high current ion linacs (Accelerator
for the Transmutation of Waste, Accelerator for the Pro-
duction of Tritium, Heavy lon Drivers, Spallation Neu-
tron Source I njector) require minimal radioactivationby the
beam striking the beam pipe. Asaresult, efforts are being
made to understand and control the growth of beam halo.
There is general agreement that the main mechanism for
halo development in linacs is the parametric resonance be-
tween the ion oscillations in the beam bunch and collec-
tive oscillations of the bunch itself induced by mismatch
in the linac. Analytic studies for a 2-D KV beam were
foundto giveexcellent agreement with corresponding com-
puter simulations, which were then extended to other 2-D
beams. Recently, analytic and numerical studies were per-
formed for 3-D beam bunches (6-D phase space distribu-
tions), focusing attention on the formation of longitudinal
halos and the possibility of bunch growth or loss of longi-
tudinal bunch stability, aswell as coupling between thelon-
gitudinal and transverse halos.

1 INTRODUCTION

In this paper we will review the current understanding of

halo formation in linear focusing channels. Analytic mod-

els have been devel oped to study halo development in both
2-D beams and 3-D beam bunchesin alinac. These models
suggest that the most likely explanation for the haloswhich

have been observed and which are likely to be seen in fu-
ture high current linacs involves the parametric resonance
between the collective modes and the motion of individual

ions. When these modelsare used in conjunction with mul-

tiparticle simulationsinvolving millionsof particles, which

are now practical with supercomputers and parallel process-

ing, one can have great confidence in the predictions for
halo formation and emittance growth which are so crucial

for the designs of high current acceleration of short beam

bunches.

2 2-DMODEL

Early attention was devoted to the analytic study of 2-D
round beams in a continuous focusing channel. In partic-
ular, the KV distribution [1], a hyperspherical shell in the

IWork supported by the U.S. Department of Energy
2e-mail: rlg@physics.umd.edu
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4-D phase space with the self-consistent [2] distribution

f(H) = N8(Ho — H), 2.1)
where 2 2
H= 10+ 2 edg(n), 2.2)

had the useful features of a uniform charge density within
the beam, and uniform density in the x and y phase space
projections. Here Hp and N are constants, k is the constant
external focusing gradient, and e®s(r) is the potential en-
ergy at r due to space charge.

Use of the equation for the beam envelope [3] permitted
the analytic description of a“breathing” beam, inwhich the
charge density oscillated between too tight and too loose
a match to the external focusing force. These oscillations
provided aperiodic forceto theion motion, which was sim-
ple harmonic as long as the ions remained inside the beam.
But for ions which traveled beyond the beam boundary,
the oscillations were non-linear. In this case theion’s non-
linear motion in the presence of a periodic force allowed it
to betrapped in the parametric resonance, where the breath-
ing frequency was twice the ion oscillation frequency. The
analytic model thus predicted the formation of a“halo” [4]
for certain combinations of mismatch and tune depression.

Specifically, for an azimuthally symmetric 2-D KV
beam, the equation of motion for a particle moving radially
in a smoothed external focusing field is
r<a
r>a } ’
where x = el /2rnegmv? isthe perveance of the beam. Equa
tion (3) describeslinear motion with constant wave number
q = (k% —x/a?)%/2 within the core whose radius s a, but it
also provides a wave number which increases with ampli-
tude, once the particle travels outside the core.

If the beam is mismatched by some sudden change in
the focusing system, the core radius a will oscillate with
symmetric wave number p = (4g? + 2x/a?)/? when these
oscillations have small amplitude (mismatch correction is
necessary for large mismatches [5]). The driving wave
number p istherfore greater than twice the incoherent wave
number within the core. Particles for which the amplitude
increases have an effective increase in q. These particles
then populate a halo surrounding the core when p = 20+
conditionis satisfied. A similar analysis can be performed
for the antisymmetric transverse mode.

Analytically, one proceeds from Eqg. (3) to a constant
of motion by averaging over all wave numbers except p —
2q [4]. The resulting phase-space trajectories produce a
peanut-shaped structure with an inner separatrix and an
outer separatrix. Halo formation takes place when particles
cross the inner separatrix and then quickly move along the
outer separatrix. While the model accurately predicts the
radial extent of the halo as afunction of the size of themis-
match and the tune depression, it does not address the ques-
tion of the rate of halo development or the chaotic motion.

r/a®

r (2.3)

r”+k2r:1<{



Numerical simulations using the “particle-core” model
confirmed the validity of the models, and pointed as well to
the existence of chaotic motion as the tune depression be-
came more severe [6]-[11].

Subsequent work focused on the possible mechanism for
particles escaping from the beam into the region of non-
linear oscillation [12]. In addition, numerical simulations
wererunfor other, more physical, self-consistent stationary
distributions of the form

f(r,v) = N(Hg—H)", (2.4)
withn = 0,1 [13]. These simulations exhibited the same
hal o structure and phase space patterns seen for the KV dis-
tribution, but with somewhat different quantitative depen-
dence on mismatch and tune depression. The localization
of the hal o radiusto approximately the same value predicted
by the KV distribution gave linac designers confidence that
abeam pipewall could be placed far enough from the beam
to avoid intercepting the halo particles.

3 3-DMODEL

Attention then shifted to short 3-D beam bunches of -
lispoidal shape with c/a = length/width ratio in the range
2-4 [14, 15]. We continued our effort to study the self-
consistent phase space stationary distributions of the form

f(r,v) = N(Hg—H)", (3.5
but this time, for n = —1/2, the differential eguation for
the charge density was linear and could be solved analyti-
caly [15]. Inaddition, for c/a > 2, the “breathing” modes
could be approximately separated into transverse and lon-
gitudinal modes, each of which was capable of generating
ahalo. Thusthe picture was of a beam bunch which, when
mismatched accordingly, generated either atransverse or a
longitudinal halo, or both. The signatureof thelongitudinal
halo was the same as that of the transverse halo (a “peanut
diagram” inthe phase space projection). Thetransverseand
longitudinal mismatch and tune depression parameter space
was extensively explored with numerical simulations[15].
But a new concern surfaced: Would the longitudinal halo
permit the loss of ions from the rf bucket? Unfortunately,
the bucket “walls” cannot be moved far away without in-
creasing the length and cost of the linac. Details about ef-
fects of non-linear RF fields can be found in [16].

Other issues involving halo formation were looked at,
including equipartitioned distributions which were rms
matched but not self-consistent [17]. These involved a
rapid initial phase space redistribution, leading to a rela-
tively small change in the parameters and extent of the halo
formation due to the mismatch. In addition, they also point
to the presence of atransverse-longitudinal coupling which
allows either kind of halo to develop from either a trans-
verse or longitudinal mismatch [17].
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4 STATIONARY 6-D PHASE SPACE
DISTRIBUTION

4.1 Analytic approximation to a spheroidal bunch

Wetakefor theazimuthally symmetric 6-D phase space dis-
tribution

f(x,p) =N(Ho—H) Y2, (4.6)

where

H = ker? /2 + k;2% /2 + eDgc (X) + mV? /2. (4.7)
Here p = mv, r2 = x? +v?, and ky, k, are the smoothed
transverse and longitudinal restoring force gradients. The
quantity @ (x) istheelectrostatic potential dueto the space
charge of the bunch. The distribution is normalized such

that
/dx/dpf(x, p) =1 4.8)
The charge distribution corresponding to Eq. (6) is
px) = Q/dpf(x, P)
27-1/2
- NQm3/dv [G(x) - %] (49
where
2 2
G(X) =Ho— "XTr - "ZTZ — oD (X). (4.10)

Performing theintegral over dv = v2dvd€Q, in Eq. (9) leads
to

p(X) = QG(x)/ / dxG(x), (4.12)
where the normalization constant satisfies
2v/212Nm3/2 / dxG(x) = 1. (4.12)
From Eq. (10) and Poisson’s equation, we write
V2G(x) = —ks — eV2Dg, = —ks + (e/€0)p(X),  (4.13)
where
ks = 2ky + kz. (4.14)

Using Eq. (11), we obtain the partial differential equation
for G(x)

V2G(x) = —ks + K?G(x), (4.15)

where

¥ = (eQ/e0)/ [ dxG(1).

The solution of Eq. (15) for an axisymmetric, spheroidal
shaped bunch can most easily bewritteninthe spherical co-
ordinatesR, 6 for which

(4.16)

z=RcosO, r =Rsing, (4.17)

G(x) = (ks/x%)g(x), (4.18)



where
g(x) =1+ 0Pp(c0SO)iz (KR).
oy

(4.19)

Here P,,(cos0) are the even (fore-aft symmetric) Legendre
polynomialsand i, («xR) are the spherical Bessel functions
(regular at xR = 0) of imaginary argument.

Since g(x) is proportional to the charge density, the edge
of the bunch isdefined as the border g(x) = 0, closest to the
origin. We therefore choose the o,’s so that the surface of
the bunch reproduces, as closely as possible, the ellipsoidal
surface.

We also note that m(x?) = m(y?) = m(z%) = m(v?) /3 be-
cause H depends only on v? and x. Thus our choice of a
stationary distribution of the form f(H) automatically cor-
responds to equipartition (equal average kinetic energy in
the three spatial directions).

4.2 Numerical implementation

We have developed a 3-D particle-in-cell (PIC) code
HALO3D totest theanalytic model described above, andto
explore halo formation [15]. The single-particle equations
of motion are integrated using a symplectic, split-operator
technique [18]. The space charge calculation uses area
weighting (“Cloud-in-Cell”) and implements open bound-
ary conditions with the Hockney convolution algorithm
[19]. The code runs on parallel computers, and in particu-
lar, the space charge cal cul ation has been optimized for par-
allel platforms using the Ferrell-Bertschinger method [20].
Some details about the code can be found in [21].

We initially populate the 6-D phase space according to
Eqg. (6), and then mismatch the x, y, z coordinates by factors
ux = Hy = 1+ 06a/a, u, = 1+ 8c¢/c and the corresponding
momentaby 1/ux = 1/uy, 1/u;, with a, ¢ being the minor
and major semiaxes of our spheroidal bunch, respectively.

4.3 Longitudinal halo

We performed a systematic study for different c/a and mis-
match factorsin therange of interest [22], by looking at the
halo extent at the time when the beam comes to a roughly
saturated state after the development of ahalo. Our new re-
sult isthe dependence of the halo extent on tune depression.
One sees asignificant increase in hal o extent for severe tune
depressions. In addition the halo extent clearly depends on
the mismatch parameter. The approximately linear depen-
dence of the halo extent on the mismatch factor p indicates
that a serious effort should be made to match the beam to
the channel as accurately as possible.

Simulation results [15] show that the halo intensity
(roughly defined as the fraction of particles outsidethe core
in phase space) depends primarily on the mismatch. Severe
mismatches lead to several percent of the particles in the
halo, which is clearly outside acceptable limits. No signifi-
cant dependence of halo intensity on the tune depression is
seen. Also, for tune depression n; < 0.4 the clear peanut

24

diagram in the longitudinal phase space now has a chaotic
behavior.

One more important feature is how fast the halo devel-
ops. Wefirst make the observationthat for comparable mis-
matches thelongitudinal hal o develops much faster than the
transverse halo when the mismatches and/or tune depres-
sions are hot severe. Such behavior simply occurs because
for fixed charge we have n; < ny for elongated equiparti-
tioned bunches. For severe mismatches and/or tune depres-
sions both the longitudinal and transverse halos develop
very quickly. Of particular interest isthe clear dependence
of halo onset on tune depression. Specifically, for more se-
veretune depression the halo startsto devel op earlier. More
details can befoundin[15].

4.4 Transverse halo

The transverse halo closely duplicates all the features ob-
served for non-linear stationary distributionsin 2-D simu-
lations [13]. The agreement between 2-D and 3-D simula-
tionsisvery good. Theonly twodifferencesseen arerelated
to the onset/rate of halo development. In the recent 3-D
simulationsthere is a clear dependence on the tune depres-
sion which was not the case in the corresponding 2-D sim-
ulations [13]. The second difference is that the transverse
halo in the 3-D simulations develops significantly faster
than in 2-D for comparable mismatches and tune depres-
sions. More details can be foundin [15].

4.5 Coupling effects

In performing 3-D simulations we encounter halo forma-
tion in a beam bunch, where we clearly see coupling be-
tween the longitudinal and transverse motion. It was al-
ready noted [15] that due to the couplingbetween r and z, a
transverse or longitudinal halo is observed even for a very
small mismatch (less than 10%) as long as there is a sig-
nificant mismatch in the other plane. Further numerical in-
vestigation [17] of this question showed that the effect of
coupling becomes extremely important for nearly spherical
bunches (c/a < 2) which istypical of the parameter range
of interest for the APT design [22]. For example, for the
short bunch with ¢c/a = 2, with only alongitudinal initial
mismatch (1, = 1.5, pux = py = 1.0), one finds particles at
large amplitude in both the longitudinal and transverse di-
rections[17].

5 NON-STATIONARY 6-D PHASE SPACE
DISTRIBUTION

After we established the parameters which lead to halo for-
mation in 3-D beam bunches for the self-consistent 6-D
phase space stationary distribution [15], we explored rms
matched distributionswhich are not self-consistent, to de-
termine the extent to which the relatively rapid redistribu-
tion of the 6-D phase space contributes to the formation of
halos[17].



5.1 Stability of the matched distribution

We have shown that an rms matched 3-D beam can pro-
duce transverse and/or longitudinal halos for a wide range
of space charge intensity even when it isinitialy perfectly
matched. Of course, from apractical point of view such ha-
los are not important because the halo extent is very small
for the mismatch factor u = 1.0 (the detailed study of the
hal o extent on a mismatch factor was presented in[15, 17]).

The redistribution process in a non-stationary beam with
initial zero mismatch causes the core to perform an oscilla-
tionabout itsinitial distributionwhichisequivaenttointro-
ducing arelatively small mismatch for the stationary distri-
butions. The important consequence is that the redistribu-
tion process by itself (zero initial rms mismatch) does not
lead to significant emittance growth [17].

5.2 Initially mismatched beam

Numerical 3-D simulations with the initially mismatched
non-stationary distributions[17] confirmed all the charac-
teristics of halos observed for the stationary distribution
[15]. The main difference is that for a non-stationary dis-
tribution the halo extent is larger (especially for the Gaus-
sian) than the hal o extent of the stationary distributionwith
the same initial mismatch parameters.

6 HALO FORMATION IN A PERIODIC
FOCUSING CHANNEL

The halo propertiesin periodically focused cases have been
also extensively studied [23]-[29]. Apart from the insta-
bilities due to the structure-driven resonances, these stud-
ies showed a close resemblance to the continuous focusing
channel results.

7 OTHER ISSUESINVOLVING HALO
FORMATION

7.1 Coulomb scattering

Various mechanisms can potentially cause beam halo.
Some recent studies suggested that Coulomb collisionsin
the beam bunch can contribute significantly to beam bunch
growth and halo development in linear accelerators. De-
spite the general belief that collisions are not important it
isclear that arigoroustreatment of this question is needed.
In an effort to explore this issue in detail we have under-
taken an analysis of the effects of Coulomb scattering be-
tween ionsin a self-consistent spherical bunch [30].

We have calculated the effect of single Coulomb scatter-
ing of aself-consistent 6-D distributionfor aspherical beam
bunch. In this calculation we found that single collisions
are capable of populating a thin spherical shell around the
beam bunch. This result is for the stationary phase space
distributionwithn = —1/2, butitis probably quantitatively
similar for other higher values of n. When the beam isnon-
equipartitioned or the beam with the stationary distribution
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is rms mismatched, the thickness of the shell can be sig-
nificantly larger, depending on the equipartitioning factor.
However, the rate of this processisvery small. For therel-
atively singular distributionwithn = —1/2, aproton bunch
withanormalized emittanceey ~ 10~ [mrad] and aradius
of 1 cm will populate the shell with a probability of 10~
per kilometer of linac. For distributionswithn > 0, thisrate
of population is further reduced by a factor 10~4.

Our conclusion is that the effect of single Coulomb col-
lisions on halo development in high current ion linear ac-
celerators is not important. A similar analysis for non-
stationary distributionswas performed by N. Pichoff [31],
who arrived at the same conclusions.

We then related our analysisto diffusion caused by many
small angle Coulomb collisions, with the conclusion that
the effect of multiple Coulomb collisionsin halo develop-
ment in high current ion accelerators isal so expected not to
be important [30].

7.2 Halo formation in circular accelerators

Space-charge can aso lead to emittance growth and halo
generation in circular accelerators. In undertaking a study
of the space-charge dynamics in high intensity rings one
needs to consider two different effects.

The first one is associated with the intrinsic halo forma-
tion due to the core mismatch, corresponding to a paramet-
ric resonance of the coherent frequency with twicetheinco-
herent depressed tune of individual ions. Although thetune
depression inthering isvery small compared with highin-
tensity linacs this effect may still generate a halo of signif-
icant size around the beam core.

The second effect is associated with the machine reso-
nances due to magnet imperfections, and isgoverned by the
resonant effect of different coherent mode frequencies[32]-
[33].

These and other issues of halo formation in circular ac-
celerators are summarized in [34].

8 SUMMARY

Analytic models have been developed to study halo devel-
opment inboth 2-D beams and 3-D beam bunchesinalinac.
The detailed study requires both an analytical model which
explains available observations as well as computer simu-
lations to verify both the assumptions of the model and its
predictions.

Our recent contributions to these efforts have been the
construction of a model which identifies a major mecha-
nism for transverse halo formationin linac [4], followed by
the construction of a self-consistent 6-D phase space distri-
bution for studies of halo formation in spheroidal bunches
inalinear external confining field [15]. What we found [4]
isthat hal o formation appears to arise from aparametric res-
onant coupling of individual particle oscillations with col-
lective oscillation of the charged bunch. We explored the
dependence of the halo properties (extent, rate of growth,
intensity, etc.) on the longitudinal and transverse rms tune



depressions and mismatches [15]. These studies automati-
cally assumed equipartition of kinetic energy between the
longitudinal and two transverse directions. We then per-
formed numerical studies with an rms matched, but oth-
erwise non-self-consistent 6-D distribution [17]. In these
studieswe found that starting with anon-self-consi stent dis-
tributionaltered the parameters for hal o formation obtained
for the self-consistent distribution only slightly.

It may be possible to avoid halo formation due to the
parametric resonance by careful matching in the 6-D phase
space, but, at present, it seems prudent to accomodate the
haloinlinac disign. Fortunately, therate of diffusionissuf-
ficiently slow so that the hal 0 extent does not appear to grow
significantly once it is formed.
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1 INTRODUCTION

Space-charge can lead to emittance growth and halo gen-
eration in circular accelerators. In undertaking a study of
the space-charge dynamics in high-intensity rings (Exam-
ple: Spallation National Source-SNS) one needsto consider
two different effects:

1. Machine resonances due to magnet imperfections.
This effect isgoverned by coherent mode frequencies (See,
for example: F. Sacherer [1], S. Machida[2], R. Baartman
[3]).

2. Intrinsic halo mechanism due to the core mismatch.
This effect is similar to the parametric-resonance halo for-
mation in high-current linacs (Example: Accelerator for
Production of Tritium-APT). (See extensive literature on
halo formationin linacs [4])

2 COHERENT TUNESAND MACHINE
RESONANCES

We start our discussion with the half-integer resonance.

o Half-integer resonances are introduced by gradient er-
rorsin quadrupoles. As will be shortly shown these reso-
nances occur at the coherent frequencies of beam oscilla
tions.

e Intrinsic halo formation is associated with the para-
metric resonance of incoherent frequencies and collective
modes of beam oscillations.

The immediate question arises: Why in one case are in-
coherent frequenciesimportant whilein the other case - co-
herent?

Specifically, the intrinsic parametric halo mechanism is
governed by the following equation of motion:

1" 2 2K
X +0q°X= LL?XCOSDS,
0

2.1)

where isthe space charge perveance and ¢f = k% — /a3 is
the depressed incoherent frequency, using the typical linac
notation. The mechanism of halo formationistherefore the
parametric resonance between p and g, withq = p/2 being
the dominant one. For simplicity, we will refer to the halo
formed by such a mechanism as PH (Parametric Hal o).

Half-integer resonances are governed by the following
equation:

X" +v2x = apvix cosne, (2.2)
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where v2 = vZ — k/a3 is the depressed incoherent tune in
circular accelerator notation. Here n denotes the harmonic
component in the magnet errors and o, stands for its am-
plitude. One typically assumes from Eq. (2) that the reso-
nance occurs a v = n/2 (parametric resonance between n
andv). Infact, Eq. (2) seems similar to Eq. (1). However,
in Eq. (2), contrary to Eqg. (1), the fact that the beam radius
performs oscillationsis not yet taken into account, whilein
Eqg. (1) thisisexactly the source of the driving term.

2.1 Cancelation of resonance with incoherent tune

Assuming a round beam in the presence of both space-
charge and gradient errors, we have thefollowing envelope
equation:

2

€ K
=5- via+ 3t othv3a.cosne. (2.3)

We now assume small oscillations of the beam radiusa =
ao(1+u) and obtain
u” + p2u ~ apvicosne, (2.4)

with p being a symmetric frequency of envelope oscilla-
tions. Using the particular solution for u, we get

|

Taking the variation of beam radius into account, Eq. (2)
becomes

0nV3coSne

- (2.5

a:ao[1+

2

2K
0 2
2 + 0nVp

X' 4+ v = (— o ——— )xcosne, (2.6)
a2 'p

which gives, after applying the phase-amplitude analysis,
the following resonance condition:

2x
a3(p?—1?) )’

Using p? = 4v2 4 2k /a3, the resonance condition becomes

2v(2v —n) = onv3 <1— (2.7)

(4v? —n?)

2
2v(2v —n) = oV R

(2.8
Thus we have exact cancelation for the v = n/2 resonance.
There is no "quadrupole” resonance at the incoherent tune.
A similar analysis applies for an antisymmetric envelope
mode.

2.2 Discussion

The typical (“incoherent tune shift™) procedure for predict-
ing the space-charge limits is based on the assumption of
constant beam size, whichisincorrect. The envel ope modu-
lation produces an electric field that exactly cancelsthe gra-
dient perturbationfor thisintensity. In general one can show
that incoherent tune isirrelevant for machine resonances:



for integer resonance — > using the equation of motion
of first moments,

for half-integer resonance — > using second moments
(envel ope equation);

for high-order resonance — > using the corresponding
equation of high order moments or the VVlasov equation.

The simplest way to explore high-order resonances isto
use the Vlasov equation. For 1-D planar beam the general
theory was developed by F. Sacherer [1]. It was then ex-
tended to a 2-D round beam by R.L. Gluckstern [5], and re-
cently for anon-round beam by I. Hofmann [6]. Following
the Sacherer-Gluckstern formalism, itis possibleto confirm
that for a 2-D beam the high-order resonances also occur at
coherent frequencies as was recently shown by M.Venturini
[7]. The main question is to what extent these findings are
of practical importance.

We shall use Baartman’s notation for the resonance con-
dition: 0

vo—CAv = e (2.9
With C = 1, the resonance would occur at the incoherent
tune. Here n corresponds to the excited harmonic in the
magnet and m corresponds to the order of the resonance.
For the first few resonances the coefficients are the follow-
ing:

m =2 — > Csyymm = 1/2,Casymm = 3/4,

m=3->C=3/4,11/12,

m=4->C=7/8,13/16,31/32.

These coefficients can easily be obtained from the results
givenin [6], and are summarized in [3]. They can be also
obtainedfrom[5]. From these coefficientsitisclear that the
difference between the coherent and incoherent resonances
isimportant only for low-order resonances. Inaddition, one
can easily check that the symmetric mode allowsthelargest
space-charge increase, as first found by L. Smith [8] for the
m = 2 resonance.

For the half-integer resonance withm = 2, the symmetric
coefficient isC = 1/2 which gives Avsc = 2Avjpeopn FOr this
specific mode, if the largest possible tune shift can be 0.5,
assuming the absence of higher resonances, thiswould in-
dicate that the actual maximum tune shift can be as much
as one unit: Avsemax = 1. This would be the case for
"solenoidal” type gradient errors with the potential (x> +
y?). However, errors in individual magnets: quadrupole,
sextupole, etc. are of “antisymmetric” type. For m = 2,
the coefficient of the antisymmetric mode isC = 3/4 which
givesonly Avg, = %Avincoh. For thismode, if the largest in-
coherent tune shift is 0.5 thiswould indicate that the actual
maximum tune shift can be Avge max = 2/3. Thus, thiseffect
for the more typical errors generated by the antisymmetric
potential (x? —y?) isnot as big asin the case of asymmetric
mode.

Similarly, for sextupole type errors and m = 3, the coef-
ficient C = 11/12 which gives Avsc max = 12AVincon. Thus
it becomes clear that for higher orders the difference be-
tween the coherent and incoherent frequencies not of prac-
tical importance. Also, the resonant growth becomes neg-
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ligible due to the increasing non-linearity of driving terms.

Having in mind that errors will be most likely produced
by theindividual magnetsand that antisymmetric modesare
most likely tobe excited inthetypical accelerator lattice, we
should also note that combination of magnets (for example
symmetric triplet) can generate ”symmetric” errors and thus
excite the symmetric modes.

From space-charge limit considerations the fact that res-
onance occurs at coherent frequenciesis mainly important
for the m = 2 resonance. We should note that the pre-
viogly presented coefficient C = 3/4 which gave Avs. =
%Avmcoh was obtained for closely spaced vertical and hori-
zontal tunes(|vox — voy| < Av/4). Itturnsout that introduc-
ing tune split can lead to smaller coefficient and increase the
space-charge limit.

o With the tune split (Jvox — voy| > Av/4), we have C =
5/8 which gives Avs max = gAvmcoh. We now have only
one mode because the envelope modulationsin x and y do
not stay in phase and we have decoupled motion.

Inthecase of thetune split wetherefore obtainthe largest
space-charge limit assuming antisymmetric type of errors.

We now remind the reader that the coefficients and dis-
cussion presented above were based on the assumption of
around beam. Clearly, for a non-round beam, even in the
split tune case one gets different modes (and coefficients)
inthex and y planes. Once again, the coefficients for such
modes can be easily obtained for them = 2 resonance from
the envelope equation [3], and for high-order resonances
from the Vlasov equation [6].

3 INTRINSIC HALO MECHANSIM

Aswe saw in the previous section, in circular accelerators,
machine resonances can easily lead to emittance growth. In
this section we try to understand whether the PH, whichis
believed to be the main source of halo in linac, should be
expected in circular machines.

Investigation of PH in circular machines requires ad-
dressing two very important i ssues:

1. Rate of halo development for low space-charge.

Based on a phase-amplitudeanalysis[9], thereisthe pos-
sibility of 2 : 1 parametric resonance for any space-charge
not equal to zero. For strong tune depressions of the order
of n ~ 0.5 we have a large halo extent. But even for tune
depression of only afew percent (n ~ 0.98) we still have a
large hal o extent.

e The width of the separatrix is mainly governed by the
rms mismatch (small space-charge dependence does exist,
and it is distribution dependent [10]).

e But for n— > 1 (zero space-charge) thereis no force,
and thus there is no mechanism for a PH.

The question thus arises whether we should expect the
PH for very low space charge. To answer this question,
we note that particles can be trapped into a parametric res-
onance only after some time, during which they approach
the unstable fixed points via chaos or instabilities. For
strong tune depression the motion of particles near the core



is highly irregular. In phase space, one typically sees nu-
merous islands corresponding to higher order resonances.
The time during which particles can move across these is-
lands and approach the unstable fixed points of the 2 : 1
parametric resonance is relatively fast. In the limit of zero
space-charge the motion near the core is very regular and
the rate of the development of instabilities becomes very
small. Also, the unstable fixed pointsof the 2: 1 resonance
move away from the origin. Therefore, for space-charge
typical for high-intensity rings (n ~ 0.98), it would take
much more time for particles to be trapped into 2 : 1 res-
onance than for typical linac tune depressions.

o Rate of halo development thus becomes an extremely
important question for high-intensity rings.

Clearly, to estimate the rate of PH development in the
limit of low space charge, realistic PIC code simulationsare
required.

2. Phase mixing of natural beam oscillations.

In a linac (and in typical simplified computer simula-
tions) wefirstintroduceaninitial mismatch, thenlook at the
time evolution of such an rms mismatched beam. The ex-
cited mismatched mode leads to halo formation after some
time. In proposed rings with multi-turn injection schemes,
the excited successive mode can be destroyed because the
mismatches come in different phases.

Studies using simplified models (which assume that the
mismatched mode always exists undisturbed for a long
time) can be misleading.

Itisthusimportant to investigateall sources of beam mis-
match, and understand whether natural coherent oscillation
can exist in the system under consideration.

4 OTHER ISSUES

4.1 Combined effect of PH and machine resonance

If theworking point is such that we do not hit a half-integer
resonance after the tune shift is applied, can we hit it when
and if a PH is developed?

Since the frequency of individua particles inside the
beam increases with amplitude we will move further away
from the half-integer resonance below the depressed tune
(here we neglect higher-order resonances). Also, thereis
no problem with the integer resonance above the bare tune
since, even though the frequency increases with amplitude,
it can never pass the bare tune. Of course, taking into ac-
count the existence of higher order resonances (for example
the sextupol e resonance) one should expect some increase
inthe beam dimensions dueto resonance crossing in the di-
rection of decreasing space-charge tune shift.

4.2 Longitudinal halo

Dueto the almost spherical beam in some linacs (Example:
Accelerator for the Production of Tritium) there is strong
coupling between the horizontal and longitudinal motion.
A longitudinal halo can be easily generated and can lead to
particle loss from the RF bucket. The question of longitu-
dinal PH is therefore an important issue for linacs.
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In circular high-intensity machines (such as SNS) beams
are very long, and motion is decoupled. The effect of non-
linear RF is expected to be much stronger than the longitu-
dinal space-charge effect — > no parametric-resonance lon-
gitudinal halo is expected

4.3 Dispersion

e Dispersion matching seems to be an important issue in
space-charge dominated beams (see for example: [11]).

o To what extent dispersion matching isimportant for emit-
tance dominated beams with only afew percent of tune de-
pression (m ~ 0.98) should be studied.
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Abstract

Profile measurements of proton beams taken after
extraction from the Proton Storage Ring (PSR) at Los
Alamos National Laboratory show significant broadening
in the vertical direction at high intensities. Careful beam
dynamics simulations of the injection, accumulation, and
extraction processes yield good agreement with the
measured beam profiles. Anaysis of the simulations
suggests that the vertical broadening at high intensities is
aresult of the space charge tune shifted beam exciting the
v, =2 integer betatron resonance. Both experiment and

simulations show that raising the bare tunes dlightly
reduces the profile broadening. For the PSR injection
scheme with single harmonic RF longitudinal focusing,
the longitudinal beam distribution becomes quite peaked
after several hundred turns of accumulation. This peaking
causes the space charge density and tune shift to be
strongest at the bunch center, so that the transverse beam
broadening is most pronounced in this region. For
simulations in which second harmonic RF focusing is
included, the peaking of the longitudinal beam
distribution and the transverse beam broadening are
reduced. When second harmonic RF focusing is
combined with raised bare tunes in the simulations, the
beam profile broadening is negligible. These results
suggest that high-intensity beams can be well contained in
accumulator rings through a proper choice of operating
tunes, injection scheme, and RF focusing.

1 INTRODUCTION

Beam dynamics in high intensity rings has become
important due to a number of new machines under
consideration, including the Spallation Neutron Source
(SNS), European Spallation Source (ESS), Japan Hadron
Facility (JHF), wu -Collider Driver, and others. These

machines are characterized by large beam currents and by
stringent uncontrolled beam loss requirements.  For
example, the accelerator system of the Spallation Neutron
Source (SNS) [1] will deliver a 1 GeV pulsed proton
beam to a liquid Hg target at 60 Hz. The accumulator
ring is being designed to support 2 MW of beam, which
implies that it must be capable of holding more than
2x 10™ protonsin each pulse. In order to expedite hands-
on maintenance, the requirement for uncontrolled lossesis
set to about one part in 10° per meter. Because of the
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necessity of high beam intensity and low uncontrolled
beam loss, space charge contributions to beam loss are an
essential concern in high intensity rings.

In order to study beam dynamics in high-intensity
rings, a number of computer codes have been developed
[2-4]. These codes perform particle-tracking calculations
through the periodic ring lattice in the presence of space
charge forces. They differ from tracking codes without
space charge in the necessity to accurately model the
collective space charge forces in a self-consistent manner.
This places stringent numerical requirements on the
computational representation with respect to integration
step size, number of tracked particles, and spatia
description of the beam [5]. In addition to testing the
convergence requirements of individual codes, there has
been some success in benchmarking different computer
codes for high-intensity ring beam dynamics with respect
to each other [6]. However, direct detailed comparisons
of computer codes for high-intensity ring beam dynamics
with experimental data and the use of such codes to then
analyze and explain the data are still lacking. This work
contains such a comparison and presents an explanation
of the observed transverse beam broadening at high beam
intensity in the Proton Storage Ring (PSR) [7] at Los
Alamos National Laboratory (LANL).

The PSR affords an ideal site to study the space
charge dynamics of high-intensity rings. H™ particles are
injected into this 90 meter ring, consisting of 10 field
periods of one FODO cell each, at 800 MeV from the
LANSCE linac through a stripper foil in a multi-turn
process to accumulate beams of up to 4x 10™ particles.
The resulting space charge tune shifts of up to 0.2 are
quite comparable to those of the proposed SNS
accumulator ring. Because the bare tunes in PSR are
roughly v, =3 and v, =2, compared to v,, =6 in

SNS, the space charge tune depression ratio is actualy
larger in PSR than in SNS. In order to study the PSR
beam dynamics computationally, transverse profile
measurements were taken of the full-intensity beam in the
extraction line using awire scanner diagnostic. The entire
injection, accumulation, and extraction scenarios were
then carefully simulated using the ORBIT computer code
[4], and the resulting transverse profiles were calculated at
the wire scanner and compared with the experimental
results. The computational results were found to be in



good agreement with experiment, particularly regarding
systematic behavior with respect to beam intensity and
tune changes. Careful analysis of the computational
results was carried out to explan the observed
systematics.

Section Il of this paper presents an overview of the
experimental and computational PSR studies carried out
here. In Section Ill, the experimental and calculated
results compared. Section IV presents an analysis of the
compuational results to describe the physics determining
the observed beam behavior, and by extending the
calculations to include second harmonic longitudina RF
focusing, suggests a solution to avoid the observed
broadening of the vertical beam profile at high intensity.
Finally, Section V presents our conclusions and describes
future enhancements of our analysis.

2 THE EXPERIMENT AND THE SIMULATION

In the present experiments, injection was carried out
for 1025us, which corresponds to 2864 turns of

accumulation. The number of injected particles/turn was
1.45x 10", yielding a maximum of 4.14x 10° particles at
full intensity. By injecting from the linac every second,
fourth, or eighth turn, one-half, one-fourth, and one-eigth
intensity profiles were obtained, respectively. In PSR,
the linac emittance is much smaller than the final ring
emittance. By moving the closed orbit during injection, it
is possible to “paint” a particle distribution. Injection for
these studies was carried out with fixed horizontal
displacement and angle of the closed orhit relative to the
injected beam. The vertical displacement and angle of the
closed orbit relative to the injected beam were varied
during the first 825 us of injection to paint the vertical

phase space distribution.  Although the horizontal
injection parameters are constant, the ring dispersion
function is nonzero at the foil, and the beam energy spread
combines with dispersion to provide horizontal spreading
of the beam distribution.

Immediately following injection, the beam was
extracted in asingle turn and transported to a wire scanner
beam profile diagnogtic in the extraction line. The
purpose of this study was to measure the transverse beam
profile shape for various beam intensities and bare tune
settings. A series of measurements was completed in
which the bare tunes of the ring were set to v, =3.17,

vy, =214 and all parameters were maintained precisely

except for varying the injected particle intensity. This
was varied as described above by injecting from the linac
every second, fourth , or eighth turn, to obtain one-half,
one-fourth, and one-eigth intensity profiles, respectively.
Following this series of measurements, the bare tunes of
the ring were raised slightly to v, =3.19, v, =2.17, and

the full-intensity measurement repeated. All other linac,
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injection, and PSR parameters, such as ion source
strength, closed orbit bumps, etc., were held fixed.

Corresponding to each beam profile measurement, a
complete ssimulation of the injection, accumulation, and
extraction process was carried out using the ORBIT
particle-tracking computer code [4]. ORBIT features a
detailed injection model, including linac beam distribution
and time-dependent closed orbit bump. The longitudinal
particle transport model contains RF focusing and
longitudinal space charge forces, and the transverse
transport model includes linear and nonlinear external
magnet forces and a particle-in-cell (PIC) model for
evaluation of the tranverse space charge forces. In the
present calculations, the nonlinear magnet forces were
neglected, so that the only nonlinear transverse forces
were due to space charge. However, the linear lattice
elements of PSR, including drift spaces, bending magnets,
and quadrupoles, were represented in detail.

The numerical representation in the calculations
included an injection of 50 particles/turn, resulting in a
final total of 143200 injected particles, 128x 128 grid
points for the fast Fourier transform (FFT) algorithm in
the space charge evaluation, and 197 integration
steps/turn (corresponding to about 20 steps/FODO cell).
Full details on the physics model and numerical
considerations in the ORBIT code are given in reference
[5]. We now turn our attention to the comparison of the
experimental and computational results.

3 MEASURED AND CALCULATED RESULTS

We now present and compare the measured and the
calculated beam profiles at the wire scanner in the
extraction line. For this purpose, adjustments were made
to the calculated data. Because the absolute transverse
location of the wire scanner was not precisely known, the
centers of the calculated and experimental distributions
were matched. Also the vertical scale of the calculated
distributions was adjusted so that the areas under the
caculated distribution curves matched those from the
wire scanner data. The widths and shapes of the
calculated distributions were not adjusted.

A scan was carried out to vary the injected beam
intensity.  Four cases, corresponding to 4.14x 10,
2.07x 10", 1.00x 10", 0.50x 10" protons at bare tunes
of v,=317and v, =214, were included. Figure 1

plots the measured and calculated horizontal and vertical
beam profiles. The shape of the horizontal profiles, both
for the measured and calculated cases, is rather
independent of the beam intensity. The profiles are
peaked and of fixed width, consistent with the painting
scheme in which the horizontal injection location is less
than 4 mm from that of the closed orbit.
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Figure 1. Horizontal and vertical experimental and calculated
beam profiles at the wire scanner for different beam intensities.

The vertical profiles, on the other hand, are much
broader than the horizontal profiles, also consistent with
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the painting scheme in which the vertical injection is
nearly 17 mm from the closed orbit after 825 us.

However, unlike the horizontal profiles, which are
insensitive to the beam intensity, the vertical beam
profiles broaden considerably at the highest-intensity
case. For the three lower intensities, the width of the
vertical beam profiles remains constant. This intensity-
dependent effect occurs both in the experimental and the
calculated results. Our strategy will be to understand the
cause of this high-intensity vertical profile broadening by
studying the calculations.

Figure 2 presents, for the highest-intensity case, a
comparison of the measured and calculated beam profiles.
As stated earlier, the calculated profiles are centered on
the experimental profiles and normalized to give the same
integrated areas, but no other adjustments are made.
Because space charge forces provide the only
nonlinearities in the calculations and because the vertical
profile broadening must be a nonlinear effect, we also plot
the results of the calculations with the space charge forces
set to zero. For the horizontal beam profiles, the results
give good agreement between calculated and experimental
beam profiles. This is true independent of intensity.
Even the profiles obtained without space charge are only
dlightly narrower, and hence taler, than the experimental
and calculated profiles. Hence, in the horizontal direction
space charge forces broaden the beam profiles dightly
and there are no strong intensity-dependent effects. For
the vertical beam profiles, the detailed agreement between
experiment and calculation is not as good as for the
horizontal profiles. This is especialy true at low beam
intensity. This could be due to the neglect of other
nonlinearities and magnet errors in the calculations.
Further studies are underway to elucidate this. However,
the calculated results with space charge, particularly at
high intensity, agree much better with the measured
profiles than do the calculations without space charge.
The hollowness of the profiles calculated without space
charge is the result of the off-axis injection scheme in the
vertical plane. Furthermore, space charge provides the
correct systematics, with the profiles broadening
considerably at the highest beam intensity. This is not
observed in the absence of space charge and there is no
other mechanism in the calculations to provide such an
effect. We next consider, for the high beam intensity, the
effect of raising the tunes dlightly.

Figure 3 shows the experimental and calculated
vertical beam profiles at the wire scanner for the high-
intensity case, 4.14x 10" protons, for both the default
tunes v, =317, v, =214 and the increased tunes

v, =319, v, =217.

calculated horizontal profiles thereis very little difference
caused by increasing the bare tunes. However, raising the
tunes leads to a noticeable narrowing of the vertical beam
profiles, as can be seen in both the experimental and the
calculated results. When the calculated and experimental

For both the experimental and



profiles are superposed for the case with raised tunes, the
comparison of resultsis similar to that observed in Figure
2.
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igure 2. Horizontal and vertical experimental and calculated
beam profiles at the wire scanner at the highest beam intensity.
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Figure 3. Vertica experimental and calculated beam profiles at
the wire scanner for default and raised tunes.

To summarize the basic results, a broadening of the
vertical beam distribution is observed at high intensity,
both for experimental and calculated beam profiles.
Calculations performed without the space charge force
fail to show this broadening. Increasing the bare tunes
decreases the high intensity vertical profile broadening.
In the horizontal direction the results show lttle sensitivity
to either the beam intensity or to the tunes. Although the
agreement between the calculated and experimental
results is not perfect, they revea the same systematic
behavior with beam intensity and tune; and the
calculations with space charge agree substantialy better
with experiment than do those not including space charge.
Future calculations will incorporate magnet errors and
higher order termsin order to seek to improve the detailed
agreement.

The broadeneing of the vertical beam profile at high
beam intensity and the reduction of this broadening when
the bare tunes are increased suggests that the observed
broadening could be associated with the integer betatron
resonance v, =2. This possibility will be studied in

detail in the next section.

4 ANALYSISOF THE BEAM BROADENING

The phenomena we wish to understand is embodied
in the difference between the two highest-intensity cases
in the intensity scan, namely 2.07x 10" and 4.14x 10"
protons, as it is the latter case that displays significant
profile broadening. Figure 4 plots the time histories of
the rms vertical emittances of the calculated beams for
these cases, together with the values obtained when space
charge is excluded. The emittances and moments for the
case having 2.07x 10" protons closely track those
obtained when space charge effects are not included in the
calculations. Thus, for cases below the highest intensity,
the effect of space charge is primarily to smooth out the
hollow profile in the vertical plane that results from the
off-axis painting scheme (see Figure 1). There is no net
broadening effect. For the highest intensity case, the
profile begins to broaden noticeably after about 700 turns,



as can be seen in the emittances. Although not shown
here, there is a lack of large oscillations in the second
moments of the beam that suggests that the injected beam
is not extremely rms mismatched. Hence, the contribution
of quadrupole oscillations to the broadening through the
parametric resonance [8] and halo generation is small.
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Figure 4. Vertical rms emittance evolution for the two highest-
intensity cases and when space charge is neglected.

A calculation of the incoherent tunes of all the beam
particles at 1000, 2000, and 2864 turns shows significant
numbers of the particles in the highest intensity case,
4.14x 10" protons, with incoherent vertical tunes of 2.0
or less. However, for the case with 2.07x 10" protons,
the tunes remain above 2. This suggests that the integer
resonance could be related to the observed beam
broadeneing at high intensities. Also, for 2000 turns and
greater, the incoherent horizontal tunes of many beam
particles cross the integer resonance at 3.0. There is not,
however, associated with this a significant horizontal
beam broadening. It has been pointed out by Baartman
[9] that the coherent tunes determine resonant behavior in
intense beams, and a greater fraction of the particles are
found to have vertical tunes < 2.0 than horizontal tunes <
3.0. Furthermore, given that the PSR lattice structure has
10 superperiods, the v, =2.0 resonance is a fifth order

structure resonance while the v, =3.0 is tenth order. It

is therefore more likely that the coherent vertical tune
falls within the v, =2.0 resonance than that the coherent

horizontal tune excites the v, =3.0 resonance.

Figure 5 plots the time histories of the rms vertical
emittances for the high-intensity default tune and
increased tune cases, together with the no space charge
results. The rms emittance evolution shows that the high-
intensity case with raised tunes undergoes some vertical
profile broadening due to space charge forces, but that
this occursto alesser extent than for the default tune case.
Calculation of the incoherent tunes also shows that fewer
beam particles lie a tunes below 2.0 for the raised tune
case than for the default tune case.
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Figure 5. Vertical rms emittance evolution for the default- and
rai sed-tune cases and when space charge is neglected.

These results are consistent with the picture that the
v, =2.0 resonance is involved in the observed beam

broadening, but stronger support can be gained by an
analysis of the longitudinal evolution of the beam. Not
only does this analysis demonstrate the role of the
vy, =2.0 resonance in the beam broadening, but it also

suggests a way to avoid the beam broadening.

Figure 6 plots the longitudinal beam density profiles
during injection at 500, 1000, 2000, and 2864 turns for
the high-intensity case with the default bare tunes
vy =317, v, =214. |t is seen that the injection

scheme and longitudinal motion combine to produce
longitudinal beam profiles that are very peaked about the
longitudinal beam center. Because of this, beam densities
will be very high in this region and space charge effects
will be strong.
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Figure 6. Longitudinal beam density profiles for the high-
intensity case with the default tunes.

This is illustrated in Figure 7, which shows the
incoherent vertical tunes as a function of the longitudinal
coordinate at 2864 turns for the default tunes case at beam
intensities of 2.07x 10" and 4.14x 10* protons and for
the high-intensity default and raised tune cases. The
figure shows that the incoherent tunes are very dependent
on the longitudina position and that, for the default tune



high-intensity case, the tunes of the particles in the center
of the bunch fall squarely about the value 2.0. For the
lower-intensity case, 2.07x 10™ protons, the incoherent
tunes are also dependent upon the longitudinal position,
but they remain above 2.0 throughout the distribution.
Figures 1 and 4 showed that there was almost no vertical
beam broadening in this case. For the case of raised bare
tunes, v, =319, v, =217, the didribution of

incoherent tunes does cross 2.0 in the bunch center, but
not as strongly as in the default case.
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Figure 7. Incoherent vertical tunes versus longitudinal
phase space angle at 2864 turns for the default tune cases
with 2.07x 10" and 4.14x 10" protons, and for the high-
intensity cases with default and raised tunes.

Figure 8 plots the vertical positions of the beam
particles as functions of the longitudina coordinate for
the low- and high-intensity cases considered in Figure 7.
Although all three cases in Figure 7 show some tendancy
for the beam to spread vertically in the center of the
bunch, this tendancy is most pronounced in the high-
intensity default tunes case and least pronounced in the
lower-intensity case. These results are totally consistent
with the v, =2.0 betatron resonance as the cause of the

beam broadening.
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Figure 8. Vertical positions versus longitudinal phase
space angle at 2864 turns for the default tune cases with
2.07x 10" and 4.14x 10® protons.

The present discussion suggests that the observed
beam broadening in the vertical direction is the result of
encountering the v, =2.0 betatron resonance, primarily

at the center of the bunch where the beam density is large.
This density buildup is a direct result of the injection and
RF focusing scheme. One possible scenario to reduce the
peaking of the longitudinal particle density is to include a
second harmonic in the RF focusing. Figure 9 shows the
result of adding second harmonic RF focusing to the high-
intensity default tunes case at —0.5 times the amplitude of
the ramped first harmonic. The longitudina density
profile is becomes less peaked due to the modified RF
scheme, and the evolution of the vertical rms emittance
shows that there is less beam broadening than for the
default first harmonic scheme.
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Figure 9. Longitudinal density profiles at 2864 turns and
rms vertical emittance evolution for the high intensity
default RF case and for second harmonic RF case.

As Figures 3 and 5 show that increasing the bare
tunes to move above the vy = 2.0 resonance diminishes

beam broadening and Figure 9 shows that reducing the
longitudinal peaking of the beam through second
harmonic RF focusing also diminishes beam broadening,
it is interesting to combine these approaches by applying
second harmonic RF focusing to the case with raised bare
tunes. The results of this calculation are shown in Figure
10. The vertical rms emittance shows almost no growth
beyond that of the case without space charge, indicating
very little beam spreading. The incoherent vertical tunes
are mostly above 2.0 at 2864 turns, even in the bunch
center, and as late as 2000 turns into the injection cycle
virtually all incoherent tunes are above 2.0. The
longitudinal distribution of vertical particle positions at
the end of injection shows amost no spreading due to
space charge. Thus, by decreasing the maximum beam
density and by raising the bare tunes further above 2.0,
calculations indicate that it is possible to prevent the
spreading of the high-intensity beam that is caused by the
vy = 2.0 betatron resonance.
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Figure 10. Vertica rms emittance evolution and vertica
positions versus longitudinal position at 2864 turns for the
raised tunes and second harmonic RF case.

5 CONCLUSIONS AND FUTURE WORK

We have compared experimenal  profile
measurements with calculated numerical simulations of
high-intensity proton beams taken after extraction from
the Proton Storage Ring (PSR) at Los Alamos National
Laboratory. The simulations include a careful rendering
of the PSR injection, accumulation, and extraction
scenarios, lattice, and RF focusing scheme.  Self-
consistent space charge forces congtitute the only
nonlinearities included in the present calculations.
Agreement between the measured and calculated resultsis
reasonably good, but when space charge forces are
omitted the vertical profiles differ significantly. Although
the detailed shapes of the vertical distributions are
somewhat different, both experimental and calculated
results show the same systematics, namely significant
broadening in the vertical direction at high intensities.
Because this occurs with no other changes in the injection
scenario, the broadening is a nonlinear process. Analysis
of the simulations suggests that the vertical broadening at
high intensities is a result of the space charge tune shifted
beam encountering the v, = 2 integer betatron resonance.

Both experiment and simulations show that raising the
bare tunes slightly reduces the profile broadening. For the



PSR injection scheme with single harmonic RF
longitudinal focusing, the longitudinal beam distribution
becomes quite peaked after several hundred turns of
accumulation. This peaking causes the space charge
density and tune shift to be strongest at the bunch center,
so that the transverse beam broadening is most
pronounced in this region. For simulations in which
second harmonic RF focusing is included, the peaking of
the longitudina beam distribution and the transverse
beam broadening are reduced. When second harmonic
RF focusing is combined with raised bare tunes in the
simulations, the beam profile broadening is negligible.
These results suggest that high-intensity beams can be
well contained in accumulator rings through a proper
choice of operating tunes, injection scheme, and RF
focusing. Future work will involve the inclusion of
magnet errors and higher order effects in the calculations
in order to resolve the remaining detailed differences
between the experimental and calculated beam profile
shapes.
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1 INTRODUCTION

Asaresult of systematic studies of halo formation in high-
current ion linacs, there is general agreement that halosin
such machines develop as a result of the parametric reso-
nance between the ion oscillationsin the beam bunch and
collective oscillationsof the bunchitself. In order to under-
stand the effect of large mismatches, it is useful to derive
mismatch corrections for the coherent envelope modes of
the bunch. It turns out that expressions recently presented
intheliterature[1] aretoo approximate, and amore accurate
calculationisneeded. We therefore present amore accurate
derivation based on the perturbation and phase-amplitude
methods.

2 SYMMETRIC ENVELOPE MODE
We start with the normalized envelope equationsin 2-D:

2r 1

x”+x—m—ﬁzo, (2.1)
2r 1
Y”-‘—Y—m—Y—?’: s (22)

where we use the notation T' = (1 —n?)/n for the space-
charge perveance, presented in [1]. Heren is tune depres-
sion. Wenow assume small oscill ationsaround the matched
beam dimensionsand write X — Xg+U,Y — Yo +V. For a
round beam with Xg = Yo and u = v = §, we obtain

& + 8(1+X%+X%)+82(—X%—%)
+ 53(%*%)20’ (23)

which is identical to the 1-D radial problem with Xq re-
placed by Rg. From the matched conditionR” = 0 we have
RZ = 1/n. Thuswe can rewrite Eq. (2.3) as

X'+ x(1+3n%+1-12) —x*n¥36n+1/n-1n)
+ x*n?(10n +1/n—n) =0, (2.4)

where we used x instead of 5. We now rewrite Eq. (2.4) in
the following form:

X' +0%x = ax? — Bx’, (2.5)

le-mail: fedotov@sun2.BNL.gov

38

where g2 = 2+ 2n? istheusual frequency of the symmetric
(“breathing”) mode, o = /M (5n2+1) and B =n(9M?+1).
In order to obtain an accurate amplitude correction to the
frequency g we now use the phase-amplitude method [2].

We first consider only the quadratic non-linear term ox?
in Eqg. (2.5), and search for asolution in the form

x = Asin(gs+¢), (2.6)
X' = Agcos(gs + 0), 2.7

implying
A'siny +A¢’ cosy = 0. (2.8)

Here y = gs+ ¢, and A and ¢ are taken to be slowly vary-
ing amplitude and phase parameters. Our equation then be-
comes

262
A cosy— AY siny — w. 2.9)
From Egs. (2.8) and (2.9) we thus obtain
2
A= % sin?ycosy, (2.10)
/ 0A® 3
Aq) = —T sn v, (211)
which we rewrite as
2
A= Ca (cosy — cos3y), (2.12)
4q
¢ = —%‘(%inw—sin&y). (2.13)

We now expand A and ¢ in powers of a: A = Ag+ A1 +
0?Ay+...and ¢ = do+ ad1 + 0% + . ... Matching terms
with o to the first power, we have

1 = —(cosyg — cos3yp), (2.14)
. Ao .

o1 = —@(35m\|!o—5m3\l!o)- (2.15)

Integrating Egs. (2.14)-(2.15), we obtain

2 sin3yg
Al—ﬁoz(sm - ), (2.16)

A cos3

01= gp(3cosyo—=2¥0), (217

which showsthat theaverage of ¢ infirst order goesto zero,
that is < ¢1 >= 0. We thus need to go to second order in o
in the phase ¢ in order to obtain the non-vanishing contri-
bution from the term ox? in Eq. (2.5) as was donein [1].
Therefore, matching powers of o, we have

%(&ﬁinw —Sin3yo)
Aod1

4q (3cosyp — 3cos3yyp).

(2.18)



Substituting A1, ¢1 from Egs. (2.16), (2.17), and perform-
ing averaging, we finally obtain

5 A2

< Op >= e (2.19)

We now repeat a similar analysis for the cubic term in Eq.
(2.5) to obtain

3
Ad; = B% sinty, (2.20)
_3 A2

Notethat thisfactor 3/8ismore accurate thanthefactor 1/2
obtained by a simplified averaging procedure used in [1].
For the frequency v = q+ ¢’ we thus have

5 a’A5  3BA3
=0——=—a ) 2.22
12 ¢ '8 q (222)
For small Ag, we then obtain
33 502
2= g?2A3(E - ). 2.2

Thisamplitude correction for the frequency agrees with the
one givenin [3]. With the definition of the mismatch pa-
rameter M = Ay /Rg, we thus have

(2.24)

5 (145n2)?

2 2 2
ve=2(14m%)+M [ (14+9n?) — Z 1rnd
which can be rewritten as

(14 11n2)(1
3(1+n2

:2(1+n2)+|v|2[ ;”2>]. (2.25)

This expression is different from the one presented in [1].
It gives completely different dependence on the tune de-
pression . While the expression presented in [1] gives
a quadratic dependence on m with the maximum contribu-
tion when n = 1 (zero space-charge), Eg. (2.25) indicates
that the mismatch correction term goes to zero in the limit
of zero space-charge. This seems correctly to describe the
fact that non-linear detuning for the symmetric mode comes
from the space-charge. Application of our formulain Eq.
(2.24) to acircular machines with relatively small space-
charge shows that the mismatch correction for the symmet-
ric mode is negligible. Also, a similar correction term can
be obtained by a different method [4]. One can rewrite Eq.
(2.24) intheform presentedin[4] using thefollowingforms
for oo and 3:

6

_R

11-n?
R3n

10 11—

T]Z
RS RS '

3 B =

(2.26)
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3 ANTISYMMETRIC ENVELOPE MODE
From Egs. (2.1) and (2.2) we now have

3u—v) 6(u?—v?)
u=v)" + (U-v)+ -
X3 X3
10 3_\3
+ % —o0. 3.27)
0

We cannot now simply replace (u —v) by d as it was done
in[1]. Wethusrewrite Eq. (3.27) as

o

wherep =u—v, n=u+vandg? = 1+ 3n? isthefrequency
of the antisymmetric (“quadrupol€”) mode without the mis-
match correction. Exciting apure antisymmetric mode then
means setting n = 0, leading to

10
X6

3n? 4 p?
4

p'+o2p= X5pn (3.28)

X6

10p_3
S 4

p'+g2p=— (3.29)

Thusthereisonly acubic non-linearity termin the equation.

We then again apply a phase-amplitude analysis similar to
the one presented for the symmetric mode to obtain

S 2

. 3.30
g (3:30)
Thisresult for the antisymmetric mode is different from the
one presented in [1] due to the additional factor 1/4 in the
cubic-nonlinearity term in Eq. (3.29), and dueto amoreac-

curate averaging technique.

1
vZ =g +M2=

4 SUMMARY

In these notes we obtained the mismatch corrections for
the envelope modes in a 2-D beam. We showed that the
phase-amplitude method |eads to more accurate resultsthan
those presented in [1]. Of specific interest is the result for
the symmetric mode which shows that in the limit of zero
space-charge the mismatch correction goes to zero. Asa
result, when applied to circular machines with low space-
charge, the mismatch correction for the symmetric modeis
negligible and we can use the usua “breathing” frequency
(without the mismatch correction) with a very good accu-
racy.

5 REFERENCES

[1] M. Ikegami, Phys. Rev. E 59, 2330 (1999).

[2] N.N.BogoliubovandY.A. Mitropolsky, Asymptotic Methods
in the Theory of Nonlinear Oscillations, Gordon and Breach,
New York (1961).

[3] L.D.LandauandE. M. Lifschitz, Mechanics, Pergamon Press
(1976).

[4] A.Riabkoetal., Phys. Rev. E 51, 3529 (1995).
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Abstract

Nonlinear dynamics deals with parametric resonances and
diffusion, which are usualy beam-intensity independent
and rely on a particle Hamiltonian. Collective instabilities
deal with beam coherent motion, where the Vlasov equa-
tionisfrequently used in conjunction with abeam-intensity
dependent Hamiltonian. We address the questions: Arethe
two descriptions the same? Are collective instabilities the
results of encountering parametric resonances whose driv-
ing force is intensity dependent? The space-charge domi-
nated beam governed by the Kapchinskij-VIadimirskij (K-
V) envelope equation [1] is used as an example.

1 INTRODUCTION

Traditionally, the thresholds of collective instabilities are
obtained by solving the Vlasov equation, the dynamics of
which comes from the single-particle wakefiel d-dependent
Hamiltonian. The Vlasov equation is often linearized so
that the modes of collective motion can be described by a
set of orthonormal eigenfunctions and their corresponding
complex eigenvalues give theinitial growth rates. The per-
turbation Hamiltonian AH,; may have a time-independent
component, for example, the space-charge self-field that
determines the potential-well distortion of the unperturbed
particle distribution, and the part involving the nonlinear
magnetic fields, that gives rise to the dynamical aperture
limitation. It may also have a time-dependent component,
which includes the time-dependent effects of wakefields
and produces coherent motion of beam particles. The har-
monic content of the wakefields depends on the structure of
accelerator components. If one of the resonant frequencies
of the wakefields is equal to afractional multiple of the un-
perturbed tune of unperturbed Hamiltonian Hg, aresonance
isencountered. Depending on the stochasticity of the phase
space, particles may be trapped into the resonant islands or
diffuse towards resonant structures far away forming beam
halosor gettinglost. Thismay result in arunaway situation
such that collective instability is induced.

Experimental measurements indicate that a small time
dependent perturbation can create resonance islands in
the longitudinal or transverse phase space and profoundly
change the bunch structure[2]. For example, a modulating
transverse dipole field close to the synchrotron frequency
can split up a bunch into beamlets. Although these phe-
nomena are driven by beam-intensity independent sources,

1Operated by the Universities Research Association, under contracts
with the US Department of Energy
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they can also be driven by the space-charge force and/or
the wakefields of the beam which are intensity dependent.
Once perturbed, the new bunch structure can further en-
hance the wakefields inducing even more perturbation to
the circulating beam. Experimental observation of hystere-
sisin collectivebeam instabilitiesseemstoindicate that res-
onance islands have been generated by the wakefields.

For example, the Keil-Schnell criterion [3] of longitudi-
nal microwave instability can be derived from the concept
of bunching buckets, or islands, created by the perturbing
wakefields. Particlesin the beam will execute synchrotron
motion inside these buckets leading to growth in the mo-
mentum spread of the beam. In fact, the collective growth
rate is exactly equal to the angular synchrotron frequency
inside these buckets. If the momentum spread of the beam
is much larger than the bucket height, only a small fraction
of the particles in the beam will be affected and collective
instabilitieswill not occur. Thismechanism hasbeen called
Landau damping.

Asaresult, we believethat the collective instabilitiesof a
beam may also be tackled from a particle-beam nonlinear-
dynamics approach, with collective instabilities occurring
when the beam particles are either trapped in resonance is-
lands or diffuse away from the beam core because of the
existence of a sea of chaos. The advantage of the particle-
beam nonlinear-dynamics approach is its ability to under-
stand the hysteresis effects and to calculate the beam dis-
tribution beyond the threshold condition. Such a procedure
may be able to unify our understanding of collective insta-
bilitiesand nonlinear beam dynamics. Here, the stability is-
sues of a space-charge dominated beam in a uniformly fo-
cusing channel are considered as an example [4].

2 ENVELOPE HAMILTONIAN

First, the envelope Hamiltonian is normalized to unit emit-
tance and unit period. In terms of the normalized and di-
mensionless envelope radius R, together with its conjugate
momentum P, the Hamiltonian for the beam envelopein a
uniformly focusing channel can be written as[5, 6]

1

He = EP2+V(R) : (2.1)
2
us_, uxk, R 1
=R in—+— 2.2
VR) =R =~ InR0+41rR2 : (2.2)

where u/(2r) is the unperturbed particle tune,
K Nrg/(up?y’) the normalized space-charge per-
veance, N the number of particles per unit length having
classical radius ry, and § and v the relativistic factors of
the beam. The normalized K-V equation then reads

d°R W2 2uk 1

502 " (o) R= 2 * ams
TheradiusR of the matched beam envel ope or core occurs
at the lowest point of the potentid;i.e., V'(Rg) =0, or

(2.3)

R = VK2 +14+Kx= (2.4)

1
ViKZ+1l—x
From the second derivative of the potential, the small am-
plitude tune for envel ope oscillationsis therefore
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which approaches p/m and v/2u/(2n) as x approaches 0
and o, respectively.

For amismatched beam, R variesbetween Ryin and Rypax.

To derive the tune of the mismatched envelope, itis best to

go to the action-angle variables (Je, ye). The envelopetune

and action are then
O b aedet - J—ij{PdR (2.6)
Qe= A =Ve+0ede+---, e = on . .
where E, is the Hamiltonian value of the beam envelope,
and the detuning o, defined by He = veJe + 30J2 +
5 5

is computed to be
16m3R3v3 RZ] 48n°RSva

To obtain the envel ope tune for large mismatch, one must
compute numerically the action integral to obtain

0. — UEe _ [ P 1t
.=

dJe 2 JE; dR_ ’
The envelope tune is plotted in Fig. 1 as a function of
the maximum envel ope radius Rmax, which, for small mis-
match, isrelated to the envelope action J; by

e 1/2
R=R —
o+ (nve ) cosQe0

3 COLLECTIVE-MOTION APPROACH

Gluckstern, Cheng, Kurennoy, and Ye [7] have studied the
collective beam stabilities of a space-charge dominated K-
V beam in a uniformly focusing channel. The particle dis-
tribution f is separated into the unperturbed distribution f o
and the perturbation f;:

f(u,v,0,V;0) = fo(U2+V2+02+V2)+ f1(u,v,0,V;8)
where u and v are the normalized transverse coordinates
which are functions of the ‘time’ variable 0. Their deriva-

tives with respect to time are denoted by u and v. The un-
perturbed distribution,

Ve = (2.5)

- 3 2
O = [M + }.LK—FRZ] -

(2.7)

(2.8)
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o I o
fo(u? 4+ V2 + 0% +v2) = V—;’tZS(u2+v2+u2+v2— 1),
0

is the steady-state solution of the K-V equation (2.3) and
is therefore time-independent. In the notation of Gluck-
stern, Cheng, Kurennoy, and Ye, |y isthe average beam cur-
rent and vg the longitudinal velocity of the beam particles.
The perturbed distribution generates an electric potential G,
which is given by the Poisson’s equation

V2G(u,v,0) = —Si/du/d\'/fl(u,v,u,v;e), 3.1
0

so that the Hill’s equations in the two transverse planes
become

ef dG ef dG

MovZe ou MovZe ov
where € stands for the transverse emittance of the beam and
mg the rest mass of the beam particle.

For small perturbation, the perturbation distribution is
proportional to the derivative of the unperturbed distribu-
tion. This enables usto write

f1(u,v,0,V;0) =g(u,v, 0, V;0) fi(u?-+v2+02+v?) . (3.3)
Substituting into the linearized Vlasov equation, we obtain

ag ag 2eB [UBG VBG].

Uy e T movze |

) i i ) (3.9)
Noting that the potential G is a polynomial, Gluckstern,
et. al. are able to solve for g and G consistently in terms
of hypergeometric functions. Thus a series of orthonor-
mal eigenmodes are obtained for the perturbed distribution
with their corresponding eigenfrequencies. These modes
are characterized by (j, m), where j istheradia eigennum-
ber and m the azimuthal eigennumber.

For the azimuthally symmetric m =0 modes, (1,0) isthe
breathing mode of uniform density at aparticular timewhile
the (2,0) mode oscillates with aradial node between R =0
and R = Rg so that the density becomes nonuniform. The
higher modes are similar, with mode (j, 0) having j — 1 ra-
dia nodes. Whenthe eigenfrequency of amodeis complex,
the mode becomes unstable with a collective growth rate.
Stabilityisstudiedintermsof tunedepressionn=v/x2+1—
k and the amount of envelope mismatch. The former is de-
fined as the ratio of the particle tune with space charge to
the particle tune without space charge for a matched beam.
Thusm rangesfrom 0to 1; n = 1 implies zero space charge
whilen = 0 impliesinfinite space charge.

Gluckstern, et. al. showed that mode (1,0) is stable for
any mismatch and tune depression. Mode (2,0) becomes
unstable at zero mismatch when the tune depression n <
1/4/17 = 0.2435. |t is also unstable when the mismatch
islarge. Thisis plotted in Fig. 2 with the stable regions
of modes (2,0), (3,0), and (4,0) enclosed, respectively, by
the solid, dashed, and dot-dashed curves, a reproduction of
Ref. 4. Theselatter two modesbecome unstable at zero mis-
match when the tune depressions are less than 0.3859 and
0.3985, respectively. They found that the modes become
more unstable as the number of radial nodes increases.
Among all the azimuthals, they noticed that the azimuthally
symmetric modes (m = 0) are the most unstable.

U+u=— , V+v=—
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Mismateh Ry ,./Ro or Rum/Ro

0.50
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Tune Depression 1= (/c +1)
Figure 2: Beam stability plot versus particle tune depres-
sionn and beam envelope mismatch. The stability regions
for modes (2,0), (3,0) and (4,0) are enclosed, respectively,
by the solid, dashed, and dot-dashed curves. (Reproduced
from Ref. 4).
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4 PARTICLE-BEAM APPROACH
4.1 Particle Hamiltonian
Wewant toinvestigate whether theinstability regionsinthe
plane of tune depression and mismatch can be explained
by nonlinear parametric resonances. First, let us study the
transverse motion of a particlehaving zero angular momen-
tum. The situation of finite momentum will be discussed
later in Sec. 6. We choosey as the particle’s transverse co-
ordinate with canonical angular momentum py. Its motion
is perturbed by an azimuthally symmetric oscillating beam
core of radiusR. The particle Hamiltonian is [6]

1
Hy = g+ e 2 2op )
_ 2K 1yl
= (1+2In oyl -R). (4.)
giving the equation of motion fory,
dZy UK UK
o+ (2) = oy oR— ) + o 0yl -R).
(4.2)

For aweakly mismatched beam, the enveloperadiusisR =
Ro + AR cosQe6. The particle Hamiltonian can also be ex-
panded in terms of the equilibrium envelope radius R, re-
sulting Hp =Hpo+AHp. The unperturbed Hamiltonian is

1 2 2ux
Hoo = 2=+ 1y — =% RZy 20(Ro — |y])

2uK
-2 (2l ) oyl -Ro).

and the perturbation

x [AR
L [R—0<y2—R%>

(17 488) + | ©(Ra - Iy

3AR?
Note that many non-contributing terms, like the ones in-

(4.3)

AHp ~ —

+ (4.4)

2R2

Additionally, envelope oscillations do not perturb particle
motion outside the envel ope radius; thus the perturbing po-
tential in Eq. (4.4) exists only inside the envel ope.

For amatched beam, AHp = 0. Insidethe core of uniform
distribution, the particle motionislinear and its tune can be
readily obtained:

n 2 \"? W o
on (1_ ;.LR%) ~2n ( X +1_K) '
Thus, 1 = V2 + 1— k isthe tune depression.

When the particle spends time oscillating outside the
beam envelope, its tune has to be computed numerically.
First, the particle action is defined as

Vp:

1
h=m }{ pydy (45)
The particle tune Qp isthen given by
dE apy 17
Qp=-—2=2n [ d] , (4.6)
Py oEp

whereE,, isthe Hamiltonianvalue of the beam particle. The
resultisshownin Fig. 3 for various space-charge perveance
K. We see that when the particle motion is completely in-
side the beam envelope (J, < %), the particletune is a con-
stant and isgiven by v, depending onx only. Astheparticle
spends more and more time outside the beam envelope, its
tune increases because the space-charge force decreases as
y~1 outside the envel ope.

4.2 Particle Tune Inside a Mismatched Beam

To simplify the algebra, it isadvisable to scale away the un-
perturbed particle tune 1/ (2r) through the transformation:
uR? — R?, uy? —y?, and u8/(2rn) — 0. The envelope and
particle equations become

d?R 2« 1
W—FRZK—F@, 4.7)
d? 2
T Y- RYOR-Y) - Se(y R =0. (@8

For one envelope oscillation period, the envelope radius R
is periodic and Eqg. (4.8) inside the envelope core becomes
a Hill’s equation with effective field gradient K(6) = 1—

1.0

Particle tune Q, in units of u/(2m)

<
o
O T

-
=}

Particle Action J,

Figure 3: Particle tune Q, as function of particle action Jp

volving the §-functionand &’-function, have been dropped.  and space-charge perveance « for a matched beam.
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2x/R?(8). The solutionisthen exactly the same as the Flo-
quet transformation by choosing y = aw(0) cos[y(6) + §].
Itis easy to show that the differential equation for w is ex-
actly the envelope equation of Eq. (4.7). Thus we can re-
place w by R, and R? becomes the effective betatron func-
tion. Since the particle makes Qp/Q. betatron oscillations
during one envel opefluctuation period, where Q isthe par-
ticle tune, we have
Qp Ay 1 de
Qe 2n 2n/) R2(B)"
In Floquet’s notation, with § = y/R, Eq. (4.2) describing
the motion of a particle modulated by a beam envelope
becomes
d%y

_1 R
o ~|ew-n-o.

Thus, al particles inside the beam envelope have a fixed
tune depending on theamount of space charge and envelope
mismatch. Particles spending part of the time outside the
beam envelope will have larger tunes. The Floquet trans-
formation can also be accomplished by a canonica trans-
formation employing the generating function

Fay, Byi6) — 204 RO

R®) " 2R(0) ’
where the prime denotes derivative with respect to 6. The
new Hamiltonian in the Floguet coordinates becomes

(4.9)

92

49+ 2xR? [ (4.10)

(4.12)

A 1
Hp (Y, By 0) = RZ(0 )(y +05)+x(5?~Ing?) ©(|y| - 1) .
(4.12)

For asmall mismatch core fluctuation, we can writeR =
Ro(1—McosQe6), where M can be interpreted as the mis-
match parameter. Theintegral inEq. (4.9) can be performed
analytically to give
_ Vp
Qp= (1—M?2)372"

wherev, =R;? = v/k2+1— kistheparticle tunewhenthe
envelope is matched. The analytic formula of Eq. (4.13),
however, is only valid when the mismatch parameter M <
0.2. The reason is that the envelope equation is nonlinear
inthe presence of space charge. In other words, whilemin-
imum envelope radius is given by Ryin = (1—M)Rg, the
maximum envelope radiusis aways Rmax > (1+M)Rg. In
fact, when M — 1, Rmin — 0, but Ryax — . This can be
seen in top plot of Fig. 4 with (Rmax — Ro)/Ro versus M =
(Ro —Rmax)/Ro. If the envelope oscillationswere symmet-
ric about R, the plot would follow the 45° dashed line in-
stead. We see that the deviation islarge when the mismatch
and tunedepression are large. When theapproximationR =
Ro(1—McosQ0) breaks down, the particle tune can still
be easily evaluated by performing the integral in Eq. (4.9)
numerically. The lower plot of Fig. 4 shows the deviation
of the actual particle tune Qp from its analytic formula of
Eg. (4.13).

(4.13)

5 PARAMETRIC RESONANCES

Particle motion is modul ated by the oscillating beam enve-
lope. Therefore, to study the resonance effect, we need to
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Mismatch M = (Rg—Rpmin)/Ro
Figure 4: Top: (Rmax — Ro)/Ro VS M = (Ro — Rmax)/Ro
showing the large asymmetric envelope oscillation about
the equilibrium radius Ry when both the mismatch and tune
depression are large. Bottom: Deviation of the actual parti-
cletune Qp from the value given Eq. (4.13) in the presence

of mismatch.
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include the perturbation part AH,, of the particle Hamilto-
nian. We expand it as a Fourier seriesin the angle variable
vy yielding, for example,
(y*—R§)© 2 Gn(Jp)e™r . (5.1)
N=—oo
Since AHp iseveniny, only even n harmonics survive. The
particle Hamiltonian then becomes

(Ro—1yl) =

Hp Hpo+2 =2 Y Y, (M+1)M™ |G| x

0m=1n>0
even

x Y cos(nyp+imQe6+yn) + (5.2)
i=+1
where v, are some phases and use has been made of R =
Ro(1—M cosQe0), the approximation for small mismatch.
Focusing on the n:m resonance, a canonical transforma-

tion to the resonance rotating frame (1, ¢p) gives

m
with the effective x-dependent resonance strength
(m+1)MMuk

As usua, there are n stable and n unstable fixed points
which can be found easily. Since AH, is a polynomial up
toy? only andy = siny,, we have, inside the envelope,
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Figure5: Plot of driving strengths of first-order resonances
Gn1 versus particle action J,. Inside the envelope (Jp < %),
only G, is honzero. Once outside the envelope, however,
|Gn1| for n > 2 increases rapidly from zero.

1
4nQe
implying that only 2:m resonances are possible. Outside
the envelope the resonance driving strengths can also be
computed, and are plotted in Fig. 5. We see that although
the driving strengths G for n > 2 vanish inside the enve-
lope(Jp < %), they increase rapidly once outside. Including
noises of all types, particlesinside the K-V beam envelope
can leak out. Thissituationisparticularly truewhen the par-
ticle tune is equal to a fractional multiple of the envelope
tune. A small perturbation may drive particles outside the
beam envelope. Once outside, because of the nonvanishing
driving strengths, these particles may be trapped into reso-
nanceislands or diffuseinto resonances farther away. Once
trapped or diffused, they cannot wander back into the enve-
lope core. As more and more envelope particles leak out,
the core stabilizationis lost and an instability occurs.

Our job is, therefore, to map out the location of para-
metric resonances in the plane of mismatch and tune de-
pression. Because particlesare affected only by resonances
when they are just outside the envel ope core, their tunesare
essentially the tuneinside the beam envelope. At zero mis-
match, the threshold for the n:m resonance can therefore be
derived by equating vp/ve tom/n. Thus

Gmm = Jp8n2 ) (5-5)

Vo _ K+1—x m _
== SN L
or
na 2
K> (E) - (5.7)

n\2
8(7) 2
In particular, for the 6:1 resonance, k> 8/+/17=1.9403, or
the tune depression ism < 1/+/17 = 0.2425, which agrees

with Gluckstern’sinstability threshold for mode (2,0).

For a mismatched beam, the threshold for the n:m reso-
nance is obtained by equating Qp/Qe at that mismatch to
m/n. These resonances are labeled in Fig. 6 in the plane of

1.50

1.25

1.00

0.75

Mismatch R ,./Ry or Ry /R

0.50

<
S

Tune Depression n=(c*+1)"?—k

Figure 6: Plot of parametric resonance locations in the
plane of tune-depression and beam envelope mismatch.
First-order resonances are shown as solid whilesecond- and
higher-order resonances as dashes. Overlaid on top are the
instability boundaries of modes (2,0), (3,0), and (4,0) de-
rived by Gluckstern, et. al.

tune depression and mismatch. The locus of the 2:1 reso-
nance is the vertical linen = 1. Thisis obvious, because
at zero space charge the particle tune is exactly two times
the envelope tune regardless of mismatch. Also, itisclear
from Eq. (4.10) that there will not be any Mathieu instabil-
ity or half-integer stop-band [8]. Thus it appears that the
2:1 resonance would not influence the stability of a space-
charge dominated beam. Thisis, infact, nottrue. Thestable
fixed points of the 2:1 resonance are usually far away from
the beam envelope. Thus particles can diffuse towards the
2:1 resonance to form beam halo. As more and more par-
ticles continue to diffuse from the beam core into the 2:1
resonance, the beam becomes unstable.

Trackings have been performed for particles outside the
envel ope core using the fourth-order symplectic integration
developed by Forest and Berz [9]. The Poincaré surface
of section is shown in Fig. 7A for the situationn = 0.20
(x=2.4) and M =0.3, corresponding to Points A in Fig. 6.
The innermost torus is the beam envelope. The sections
are taken every envelope oscillation period when the enve-
lope radiusisat a minimum. For each envelope oscillation
period, 500 to more than 1000 time steps have been used.
We see that as soon as particles diffuse outside the beam
envelope, they will encounter the 6:1 resonance, which is
bounded by tori. This explains the front stability bound-
ary of Gluckstern’smode (2,0). Sincethe4:1resonanceisa
strong one, itslocus explains the front stability boundaries
of Gluckstern’s(3,0) and (4,0) modes also.

The Poincaré surface of section corresponding to
Points B of Fig. 6 withn=0.10 (k =4.95) M =0.15is
shown in Fig. 7B. This is a close-up view showing only
the region near the beam envelope; the 2:1 resonance and
its separatrices are not shown because they look similar
to those depicted in Fig. 7A. We see resonances like 14:2,
81, 16:2, 9:1, 10:1, etc, which are so closely spaced
that they overlap to form a chaotic region. Particles that
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Figure7: Poincaré surface of section in particle phase space (y, p). Plot A iswith (n,M)=(0.20,0.30), Plot B (0.10, 0.15),
Plot C (0.44, 0.25), Plot D (0.30, 0.10), Plot E (0.50, 0.60), Plot F (0.90, 0.10), corresponding, respectively, to Points A,
B, C, D, E, FinFig. 6. Thelast 5 are close-up plots, showing only up to the unstable fixed pointsand internal separatrices

of the 2:1 resonance.

diffuse outward from the beam envel ope will wander easily
towardsthe 2:1 resonance along its separatrix. Thisregion,
wheren < 0.2, istherefore very unstable.

Figure 7C shows the close-up Poincaré surface of section
of PointsCinFig. 6 withn=0.44 (x=0.916) and M =0.25.
Here the particles see many parametric resonances when
they are outside the beam envel ope; first the 10:3, followed
by the 6:2, 8:3, 10:4, and then a chaotic layer going towards
the 2:1 resonance. The resonances are separated by good
tori and the instability growth rate should be small. Thus,
thisis the region on the edge of instability.

On the other hand, the Poincaré surface of section in
Fig. 7D corresponding to PointsD of Fig. 6 withm = 0.30
(x = 1.517) and M = 0.10 shows the 6:2 resonance well
separated from the 10:4 resonance with awide area of good
tori. Also thewidth of the 10:4 resonance is extremely nar-
row so that particles can hardly betrappedthere. Unlikethe
situationin Figs. 7B and 7C, thereisno chaotic region at the
unstable fixed pointsand inner separatrices of the 2:1 reso-
nance, making diffusiontowardsthisresonanceimpossible.
Thisregion will be relatively stable.

Next consider the region with very large beam envelope
mismatch like Points E of Fig. 6 withn = 0.50 (x = 0.75)
and M = 0.60. (The other Point E is a Rmax/Ro = 2.067
andisthereforenotvisiblein Fig. 6). Theclose-up Poincaré
surface of section in Fig. 7E shows the beam envelope ra-
diusat y = 0.566 when py = 0. We can see that the unstable
fixed points and the inner separatrices of the 2:1 resonance
are very close by and are very chaotic. As soon as a par-
ticlediffusesout toy = 0.62, it reaches the chaotic sea and
wanderstowardsthe 2:1 resonance. Because the chaotic re-
gion is so close to the beam envelope, this region of large
mismatch is also unstable, which is Gluckstern’s region of
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instability at large mismatch.

Finally, we look at Points F of Fig. 6, which have small
space charge x = 0.0106 or n = 0.90 and small mismatch
M = 0.10. The Poincaré surface of section is shown in
Fig. 7F. The beam envelope is surrounded by good tori far
away from the separatrices of the 2:1 resonance and no
parametric resonances are seen. Thisis evident also from
Fig. 6 that this region is not only free from primary reso-
nances but also many higher-order resonances. The unsta-
ble fixed points and the separatrices of the 2:1 resonance
are well-behaved and not chaotic. Thus, these points are
very stable. If we keep the same space-charge perveance
and increase the amount of envelope mismatch, we also do
not see in the Poincaré surface of section any parametric
resonances between the beam envelope and the separatri-
cesfor the 2:1 resonance. However, although the separatri-
ces of the 2:1 resonance are not chaotic, they become closer
and closer to the beam envelope. When the separatrices are
too close, particles that are driven by a small perturbation
away from the beam envelope will have a chance of travel-
ing along the separatrices of the 2:1 resonance to form beam
halo. From our discussions, it is clear that to avoid insta-
bility and halo formation, the beam should have small mis-
match and be in a region that is far away from parametric
resonances in the plane of mismatch and tune depression.
The best solution for stability is certainly when the beam
has small mismatch and small space-charge perveance.

The deep fissures of the (2,0) mode near n=4.7 and 5.3
in Fig. 2 or 6 are probably the result of encountering the
10:3 and 6:2 parametric resonances. The width of the fis-
sures should be related to thewidth of theresonanceislands,
which can be computed in the standard way. In general, a
lower-order resonance island, like the 4:1, is much wider



than a higher-order resonance island, like the 6:1.

We tried very hard to examine the region between the 4:1
and 10:3 resonances with a moderate amount of mismatch.
Wefoundthisregion very stable unlessitisclosetothe10:3
resonance. We could not, however, reproduce the slits that
appear in Gluckstern’s (4,0) mode.

6 ANGULAR MOMENTUM

Most K-V particles have nonzero angular momentum.
When angular momentum isincluded in the discussion, we
first extend the particle Hamiltonian of Eqg. (4.12) in Floquet
notationsto both the x and y transverse planes:

- 1 5 0 o

Hp = ﬁ(xz+y2+ Pz + b5)

+k[R+92 - In(RR+92)0(R%2+92-1).  (6.1)

It is preferable to use the circular coordinates (7, ¢) as in-
dependent variables; their canonical momenta are, respec-
tively, pr and py. The particle Hamiltonian becomes

- 1 (o 2 Po I ST N

Hp:ﬁ (r 4—p,+f—2 +x(F*=Inf9)O(F-1), (6.2

where 2 = %2 +y? and

(o )= (oo a0 ) ()
o/ P —sing Ccose by /-

Extending the generating function in Eq. (4.11) to include
the x coordinates, it is straightforward to show

r=RFP and Py, =XPy—YPx =XPpy —YpPx- (6.4)
Thus fy istheangular momentum of the particle, whichisa
constant of motion. Sinceit has the same functional formin
both coordinate systems, its overhead accent” will no longer
be necessary. Particles belonging to the unperturbed K-V

distribution are therefore subjected to the restriction
2

(6.3)

f2+ﬁ?+%:1, (6.5)
from which we obtain
1-p2 [r1-p2\2 177
p2 = Mr —Fr _n2
LB, ( . ) p@] (66)
ThusaK-V particle has an angular momentum restricted by
Ipo| < |1 7] <1 (6.7)
=2 =2

which agrees with the result of Riabko [6] that 2], + |pg| =
%, where J; istheradia action. The equation of motion for
the particle radial position inside the beam coreis

(6.8)

where the Floquet phase advance dy = d6/R? has been
used. Notice that thisis exactly the same as the envelope
equation in Eq (4.7) with x = 0. We proved in Sec. 2 that
the envelope tune is exactly twice the particle tune when
Kk — 0. Hence, comparing with the equation of motion of a
zero-angular-momentum particle in the presence of amis-
matched space-charge dominated beam, i.e., Eq. (4.10), we
can conclude that the particle radial tune inside the beam
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Figure 8: Plots showing the time evolution of the radia
position r of a K-V particle in solid inside a beam enve-
lope with nonzero p,, mismatch M = 0.30 and x = 2.059
(n = 0.23). The evolutiony of a py, = 0 particleis shown
in dashes. The simulation is at the 6:1 resonance for the
pe = O particle. Top plot shows the radial motion with
pe = 0.30 which is twice as fast as the oscillating motion
of a p, = O particle. Lower plot isfor p, = 0.50. Now
the particle radius r is related to the envelope radius R by
r=/]pe|R = R/V/2, giving afalseimpression that the ra-

dial tune becomes equal to the envelope tune.
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core is exactly twice the zero-angular-momentum particle
tune for any space charge and mismatch.

Simulations have been performed for the time evolution
of the radial motion of a beam particle and then compared
withthetimeevolution of thetransverse motion of aparticle
with zero momentum. One of the simulationsis shown in
the upper plot of Fig. 8. The particleisaK-V particle with
angular momentum p, = 0.3 satisfying the K-V restriction
of Eqg. (6.6) in amismatched beam envelopewithM = 0.30
having atune depression of n = 0.23. We see that the shape
of oscillations of r shown as solid is very similar to that of
y with zero angular momentum shown as dashes. Since r
does not go negative, its tune appears to be twice the tune
of a zero-angular-momentum particle. This plot was per-
formed near a 6:1 resonance for a zero-angular-momentum
particleand it therefore translates into a 3:1 resonance for a
nonzero-angul ar-momentum particle.

It isinteresting to point out that as |p | — % the humps
that exhibit in the time evolution of the radial motion be-
come more pronounced and the time evolution eventu-
ally becomes proportional to the envelope oscillation, asis



demonstrated in lower plot of Fig. 8. Now the radial tune
appearsto change suddenly to the envel opetuneinstead. In
fact, thisis easy to understand. The equation of motion for
the particle radial positionis
/" 2K Pe

r +r:—2r+r—3. (6.9)
Compared with the envelope equation (4.7), it is evident
that r= /| pe|R isasolution. Inthe Floquet representation,
Eqg. (6.8) also reflects such a solution. Thus, it is apparent
that the radia tune can assume two different values. This
ambiguity can be resolved by investigating the Poincaré
surface of section of theradial motion. In the Floquet coor-
dinates, thetrajectory isrepresented by onepoint, f=/|pq|
and p;y=0. Inthe (r, pr) coordinates, the Poincaré surface
of section isaso a single point since the phase-space posi-
tion of the particle isplotted only every envelope period. In
fact, from Eqg. (6.2), the Hamiltonian in the Floquet repre-
sentation, itis clear that the solution? = /| p,| isthe lowest
point of theradial potential. Thisistheequilibriumsolution
which, inthe case of aHill’sequation, isequivalent to apar-
ticletraveling along an orbit passing through the centers of
all elements. Therefore, eveninthissolution, theradial tune
isnot equal to the envelope tune, but remains twicethe tune
in the Cartesian coordinates.

Because of the above discussion, all the n:m parametric
resonances that we studied in Sec. 5 just translate into the
5:m resonances in a r-py Poincaré surface of section. As
a result, the stability investigation in the previous section
should hold even when particleswith finiteangular momen-
tum are included.

7 CONCLUSIONS

We have now an interpretation of the collective instabili-
tiesin the plane of envelope mismatch and tune depression
through the particle-beam nonlinear-dynamics approach.
Because of the existence of noises of all typesintheacceler-
atorsand the K-V eguationisfar from realistic, some parti-
cleswill diffuse away from the K-V distribution. Although
these particles may encounter parametric resonances once
outside the beam core, an equilibrium will be reached if
these resonances are bounded by invariant tori. 1t may hap-
pen that the island chains outside the beam envelope are so
closetogether that they overlapto form achaotic sea. When
thelast invariant torus breaks up, particlesleaking out from
the core diffuse towards the 2:1 resonance, which is usu-
ally much farther away from the beam envelope, to form
beam halos. As particles escape from the beam envelope,
thebeam intensity inside the envel ope becomes smaller and
the equilibrium radius of the beam core shrinks. Thusmore
particleswill find themselves outside the envelope. Asthis
process continues because no equilibrium can be reached,
the beam eventually becomes unstable.

It is possiblethat many collective instabilities can be ex-
plained by the particle-beam nonlinear-dynamics approach.
The wakefields of the beam interacting with the particle
distribution produce parametric resonances and chaotic re-
gions. Instabilitieswill be the result of particlestrapped in-
sidetheseresonanceislands. The perturbed bunch structure
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further enhances the wakefields to induce these collective
instabilities of the whole beam.

So far, we have been able to explain the results of Gluck-
stern, et. al qualitatively. However, there are differences
guantitatively. To the lowest order, the Vlasov equation
studied by Gluckstern, et. al. doesinvolvethe perturbation
force induced by the perturbation distribution viathe Pois-
son’s equation. In our nonlinear-dynamics approach, the
particle that escapes from the beam envelope core, aways
sees the Coulomb force of the entire unperturbed beam
core, independent of any variation of the core distribution
duetotheleakage of particles. Thisisduetothefact that the
envelope Hamiltonian and the particle Hamiltonian have
been treated separately. Thisleads to a dependency of the
particle equation of motion on the envelope radius, but not
the dependency of the equation of motion of the envelope
radius on the particle motion. We believe that thisis the
reason why we have not been able to compute the growth
rates of the instabilities. However, an improvement of the
present model is nontrivial. Thisis not the problem of one
particle interacting with abeam core in such away that the
perturbation of the beam core can be neglected, because a
beam core that is not modified cannot lead to instability of
any form. To treat the problem properly, the Hamiltonian
will have to include undoubtedly all the beam particles in-
teracting with each other, from which the time evolution of
the beam coreisto be determined. Thisappearstobeavery
complex problem, and thisis exactly why the Vlasov equa-
tionisintroduced. TheVlasov equationisatime-dependent
differential equation of the beam core or beam distribution
and requires only the single-particle Hamiltonian. Thus, it
appears that the Vlasov equation will be unnecessary only
when the beam particle distribution does not play an essen-
tial role, for example, in the issues of Robinson instability,
thetwo-particle strong head-tail instability, the two-particle
chromaticity-driven head-tail instability, etc.
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BEAM LOSSWORKING GROUP REPORT
J. Alonso, LBNL, Berkeley CA 94720

Abstract

This Working Group explored the relationship between
beam loss and production of radiation in accelerator
environments. The radiation protection policies in the
US, Japan and at CERN were discussed, as were practical
limits on residual radioactivity to allow for hands-on
maintenance of accelerator components. Codes and
measurements on operating facilities indicate acceptable
dose levels if beam loss can be kept to 1 W/m or less.
Intercomparison between the three codes presented
indicate consistency at the 20-50% level. However,
current experimental data are inadequate to provide
accurate benchmarking.  Fractional beam losses on
existing linacs and medium-energy (< 10 GeV) rings are
very high, typically > 10%. To maintain the 1 W/m limit,
SNS and other new very-high-current machines must
impose “uncontrolled” loss budgets around 1 in 10% or a
factor of 10° less. Design considerations are presented
that are expected to achieve thislevel of efficiency.

1 INTRODUCTION

The Beam Loss Working Group was co-chaired by Tom
Wangler (LANL), Je Wei (BNL) and Jose Alonso
(LBNL). Participating in the discussion were Weiren
Chou, Nikolai Mokhov, Charles Ankenbrandt, Alexandr
Drozhdin, Oleg Krivosheev, Craig Moore, and Robert
Webber (FNAL); Roland Garoby (CERN); Takeichiro
Y okoi, Shinji Machida, and Y oshiharu Mori (KEK); and
Hideaki Y okomizo (JAERI). Subsequent contributions
were provided by Robert Hardekopf (LANL), Ken Barat
and Henry Tran (LBNL), and Marco Silari (CERN).

The format of this report follows pretty much the
sequence of discussions and presentations:

a) tolerable beam losses, including both regulatory
requirements for radiation exposure, and conditions

affecting hands-on maintenance of accelerator
components;

b) caculations of radiation levels from given beam
|osses;

C) measurements and experiments a  existing
accelerators;

d) operational experience with beam losses at existing
facilities; and

e) specific design considerations for controlling beam
lossesin new high-current accelerators.

Several important conclusions were drawn from these
discussions:
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a) The complex processes for determining residual
radiation levels in accelerator tunnels from beam loss
are reasonably well understood, and several good
codes have been developed that provide results that
are quite consistent. Different accelerator component
configurations, and the amount of material close to
the beam can result in a surprisingly wide variation in
radiation levels, e.g. self shielding from compact
lattices with large dipole magnets quite significantly
reduces ambient gamma background.

b) Though quite consistent, there is need for
benchmarking these codes against real physical
measurements.  This would significantly enhance,
and increase one’s confidence in the predictive power
of these codes.

c) Existing measurements of radiation levels, while
useful, are not complete enough to serve as the
above-mentioned benchmarks. In most cases, while
radiation levels are well measured, spatial
distribution and quantities of particles lost are not
established to the same level of accuracy.

d) To dlow handson maintenance of accelerator
components without unreasonable constraints, dose
levels should be below 1 mSv/h (measured 30 cm
from component surface). This corresponds to beam
loss of about 1 W/m along the beam enclosure; this
figure is roughly independent of beam energy, for
energies above 100 MeV. Thus a greater number of
particles can be lost at lower energies, as activation is
less efficient. Note: the beam loss goa for the APT
linac design was lower, 0.1 W/m above 100 MeV, to
provide adequate margin for meeting the high
availability requirement.

e) Existing “medium-energy” high-current synchrotrons
experience very significant beam losses. Under the
best of circumstances, losses well in excess of 10%
are observed, in some cases bringing activation levels
uncomfortably close to hands-on-maintenance limits.
Such loss levels could not be tolerated for new high-
current projects such as SNS and muon-production
systems; typical specifications for ‘“uncontrolled”
beam loss are less than 0.01% for entire accelerator
above energies of around 100 MeV, to stay below the
1W/mlevel.

f)  Such low losses are probably achievable, with careful
attention to lattice design, large acceptance/emittance
ratios, low tune shifts, proper injection and stacking,
efficient collimation, and understanding of halo
formation mechanisms.



2 TOLERABLE BEAM LOSS

Beam loss produces radiation. If beam energy is above
the Coulomb barrier, prompt radiation will be primarily
gamma or neutron, while residual radiation, owing to
activation of material close to the accelerator, will be
primarily beta and/or gamma. Radiation from activated
material will be mainly stationary (non-transportable),
however mobility of activated groundwater, as well as air
or airborne effluent, can lead to release of radioactivity
into the environment.
Tolerable beam loss relates to two criteria:

a) regulatory requirements for radiation levels and
release of material to the environment, and

b) alowable levels of residua radioactivity for not
impeding maintenance of technical components.

2.1 Regulations and applications in the United States

Requirements for radiation levels in the environment are
inferred from 40 CFR 61 (Subpart H—National Emission
Standards for Emissions of Radionuclides other than
Radon from Department of Energy Facilities), while
specific exposure limits within a DOE site are set in 10
CFR 835 (Occupational Radiation Protection).

2.1.1 Regulations - beyond site boundary

The general criteria for both regulations relate to doses
accumulated in humans. Thus, for instance, there is no
direct specific requirement for a radiation limit beyond
the site-boundary, only an indirect one: that a member of
the general public must not receive a dose equivalent
greater than 100 pSv/yr (10 mrem/yr) from any release to
the environment. Note, this number of 10 mrem/yr
derives from 40 CFR 61.92 which relates specifically to
dose from emission of radionuclides to the ambient air.
In the absence of other specific requirements, designers of
a radiation-producing facility should assume that this
guideline applies to water-borne activity, as well as to
prompt radiation (i.e. fast neutron and gamma) observed
at any place beyond the boundary of the site.

For implementing this guideline, one must fold in the
probability of an individual being exposed to the radiation
produced by the facility. Thus one must determine, for
instance, occupancy factors for general public in areas
subject to prompt radiation; ar-flow patterns for any
airborne releases as related to populated zones that might
be affected; and potential for ground-water migration into
drinking-water supplies.

Tritium release represents a special case. The table
below, compiled by Henry Tran from LBNL represents a
collection of applicable limits relating to tritium release
goals, and provides a very concise set of guidelines that
can be used by facility designers.

Standards and Guidance for Tritium
As of 04/30/1999
(Compiled by Henry H. Tran, C.H.P.)

Regulated Regulatory Agency Referenced Comments
Mediaor Type Standards, Limits,
or Guidances
Drinking Water | e Nuclear Regulatory 740 Bo/L This concentration is based on the dose
Commission (40 CFR Part 141) | (20, 000 pCi/L) of 40 uSv/yr. Itisonly applicable to
e Department of Energy (DOE public or private water systems with at
Order 5400.5) least 15 service connections or serving
at least 25 persons.
Off-siteLiquid | e Nuclear Regulatory e Potable Water: e The 740 Bg/L limit is applied only
Effluents Commission (40 CFR Part 141) 740 Bg/L if off-siteliquid effluent is potable
(Ground Water, | e Nuclear Regulatory e Non-potable Water: and it meets the drinking water
Creek Water, Commission (10 CFR Part 20, 37,000 Bg/L definition (see commentsin
Surface Water) 1991) Drinking Water section above).
o Department of Energy (DOE e The 37,000 Bg/L limit isapplied to
Order 5400.5) al non-potable off-site liquid
effluent. Please note that thisisthe
annual average liquid effluent
concentration at the boundary of
unrestricted area (fence line).




Sanitary Sewer | Nuclear Regulatory Commission | 1.85 x 10™ Bg/yr State of Californiaand East Bay
Water Annual (10 CFR Part 20, 1991) (5 curieslyear) Municipal Utility District (EBMUD)
Quantity also adopted this federal standard.
Sanitary Sewer | Nuclear Regulatory Commission | 3.7 x 10°Bg/L Monthly average concentration
Water (10 CFR Part 20, 1991)
Concentration
Annua Air Environmental Protection Agency | 100 uSv/yr This dose limit could be converted to
Emission (40 CFR Part 61) the annual Curie activity using CAP88
computer code. To reach this 100
uUSv/yr limit for aMaximally Exposed
Individual (MEI) at the Lawrence Hall
of Science (LHS), Berkeley Lab must
release approximately 10 Bg(3000
Ci)lyear.
Ambient Air Environmental Protection Agency | 55 Bg/m® Thisisthe annual average ambient air
Concentration at | (40 CFR Part 61) concentration at the Maximally
Maximally Exposed Individual location (for
Exposed LBNL, thislocation is the Lawrence
Individual Hall of Science). Thisisnot alimit,
Location but a threshold value that initiates stack
monitoring & dose modeling
requirements.
Ambient Air Nuclear Regulatory Commission | 3,700 Bg/m® Annual average gaseous effluent
Concentration at | (10 CFR Part 20) concentration at the boundary of
Site Boundary unrestricted area (fence line).
Vegetation ¢ Nuclear Regulatory 1 mSviyr There is no specific concentration limit
Commission (10 CFR Part for tritium in vegetation. Limitson
20, 1991) residual concentration should be
e Department of Energy (DOE derived from dose limits stated in
Order 5400.5) public radiation protection requirement.
(this pathway is bound by the 1 mSv/yr
limit).
Soil & Environmental Protection Agency | 370 Bg/g This concentration guidance is the risk-
Sediment (Publication 9285.7-018) based Preliminary Remediation Goal
(PRG) used in EPA Superfund site’s
remedial investigation and feasibility
study.
Surface Department of Energy (DOE 1.7 Bg/em? This limit applies to the release of
Contamination | Order 5400.5) contaminated property for unrestricted
of Property (all use by the public.
Media) for
Unrestricted
Release
Liquid Nuclear Regulatory Commission | 1,850 Bg/g Exempt concentration for disposal of
Scintillation & (10 CFR Part 20, 1991) animal carcasses and materials used for
Animal liquid scintillation counting.
Carcasses
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Packaging and .
Transportation

Department of Transportation
(49 CFR)

<75Bd/g

Exemption from all DOT requirements
for any materials containing less than

Exempt e Nuclear Regulatory this amount.
Quantities Commission (10 CFR Part 71)
Threshold Nuclear Regulatory Commission | 7.4 x 10 Bq Quantities of tritium requiring
Quantity for (10 CFR Part 30.72) (20,000 curies) consideration of the need for an
Considering emergency plan for responding to a
Need for an release.
Emergency Plan
Radiation from | e Nuclear Regulatory 1 mSvlyr This dose limit includes both external
al pathways or Commission (10 CFR Part 20, and internal exposures.
media 1991)

e Department of Energy (DOE

Order 5400.5)

e International Commission on
Radiological Protection (ICRP
Publications 26 and 45)

e National Council on Radiation
Protection and Measurements
(NCRP Report No. 91)

Reference: Bernard Shleien, The Health Physics and Radiological Health Handbook, Scinta Inc, Silver Spring, MD, 1992.

1 curie (Ci) = 3.7 x 10™ becquerels (Bq)
1 becquerel = 1 disintegration/second
1 sievert (Sv) = 100 rem

Note:

2.1.2 Regulations— within site boundary

10 CFR 835 provides the basic guidelines for exposure
limits. Fully-trained and qualified radiation workers shall
not receive a total effective dose greater than 50 mSv (5
rem) per year (835.202 (a) (1)). Total occupational
exposure to afetus shall be less than 5 mSv (835.206 (a)),
and minors shall receive less than 1 mSv/yr (835.207). A
member of the general public (anybody not fully trained
or qudified as a radiation worker) entering a controlled
areaislimited to lessthan 1 mSv/yr (835.208).

Within these limits, all DOE facilities are required to
establish an ALARA (As Low As Reasonably
Achievable) policy, that generally cals for lower
exposure levels than those mandated by 10 CFR 835. In
most laboratories, for instance, the 50 mSv limit has been
reduced to 20 or even 10 mSv. In addition, DOE Order
420.2 (Safety of Accelerator Facilities) states that “The
contractor must approve and implement a written
statement of the shielding policy for ... radiation.” (DOE
0 420.2 Att 1 (h)). Design guidelines are typically set in
these documents so that expected radiation exposure
levels for on-site staff are considerably below mandated
levels.

Again, trandating these exposure doses to ambient
radiation levels produced by the accelerator require
folding in occupancy factors. However, this is easier to

do in the case of a well-defined work environment where
working hours at specific occupied areas can be well
estimated, and relationship between radiation sources,
shielding and geometry can be determined. For instance,
shielding and work area locations can be specified so that
atechnician working 2000 hours per year should not have
his primary work area in a background greater than a few
uSv/h.

2.1.3 Application — shielding

Initial facility designs usualy implement shielding
thickness sufficient for completely passive protection of
personnel and environment. The DOE Accelerator Safety
Order (420.2) requires definition of an “Accelerator
Safety Envelope” (ASE) defining the maximum operating
conditions expected, thus providing for the maximum
levels that shielding must be designed to.

For cost-savings reasons, there is usually little margin
between the shielding design and the maximum operating
conditions defined in the ASE, so it is not unusual
following a number of years of operation and
improvements that significantly higher performance
levels are achieved for the facility. As a consequence, it
is not unusua for the installed shielding to be inadequate
to meet the requirements imposed by the improved
performance. Establishing a new ASE, and getting




approval for operation through the normal Readiness
Review process requires mitigation of any shielding
shortfalls. This can be achieved either through increasing
shielding thickness or adding heavier materia (e.g. steel);
by implementation of active limits (dose limiting
monitors in critical areas that can regulate accelerator
output); or by improving beam performance in the
accelerator so that beam loss (hence radiation) is reduced.

Needless to say, hindsight usually shows that the
investment in more shielding at the initial construction of
anew facility pays handsome dividends.

However, as is the theme of this Workshop, the
reduction of beam loss is the route to be preferred for
important reasons. in addition to reducing the amount of
radiation that must be shielded, the residual background
level is reduced (making for easier hands-on
maintenance) and there will be less radiation damage to
components increasing overall system lifetimes.

2.1.4 Application — hands-on maintenance

Hands-on maintenance of accelerator equipment is
obvioudy highly desirable: to alow for most effective
trouble-shooting, to ensure quickest repair and thus
minimizing down-time and maximizing overall system
availability. Criteria need to be defined for radiation
limits where such maintenance is, or is no longer possible.

Again, the overall limits are set by 10 CFR 835, but
these relate to exposures to an individual, not to actual
radiation levels in an accelerator tunnel. Thus, it is up to
each facility to define its own guidelines for such
operation.

As an example, one can take the guidelines
established for LANSCE a Los Alamos National
Laboratory (provided by T. Wangler) and summarized in
the table bel ow.

Maintenance Restrictionsin Radiation Fields

Level of Type of Maintenance
Activation

<100 pSv/h Unconstrained “hands-on”
maintenance.
Note: No more than 200 hours/year
for any one worker (to stay below
20 mSvlyr)

100 psSv/h - Hands-on maintenance; limited

1 mSv/h accesstime

1mSv/h — 100 | Hands-on maintenance, strictly

mSv/h controlled; very limited accesstime

> 100 mSv/h Remote maintenance required.

Exposure levels can be mitigated by severa
techniques: by use of local, movable shielding emplaced
to block radiation from areas not being directly worked
on; by waiting the maximum amount of time possible for

55

cooling of short-lived isotopes, and by design of
equipment for maximum ease of access and maintenance,
and appropriate tools to alow for quick work at a
reasonable distance (long-handles).

Some forethought during initiad design and
construction can again yield handsome dividends in this
area: providing tunnels large enough to allow uncluttered,
easy access and suitable space for portable shielding and
long-reach tools; and good crane access to allow for rapid
movement of equipment and portable shielding.

2.2 Regulations and applications in Japan

Statutory requirements in Japan are approximately
equivalent to those in the US. However, the design
criteria imposed on projects, and performance standards
for operating facilities require margins for radiation levels
substantially lower than encountered in the US.

Y okomizo provided the following information:

Soil and groundwater must see doses at the outside
surface of the concrete surrounding the accelerator
tunnel of less than 1.1 uSv/h (if distributed along the
length of the accelerator, or 11 pSv/h if concentrated at
a point). For the projected losses of 1 W/m aong the
length of the accelerating structure, this implies a
concrete wall thickness of 1.7 to 2.2 meters of concrete
to keep the radiation levels on the outside surface of the
concrete at or below the legal requirements.

Radiation measured at the ground surface must be less
than 0.2 uSv/h. For typical accelerator tunnels, this can
trandate into roof thickness of as much as 4 meters of
concrete.

Contribution to site-boundary radiation from the
accelerator must be less than 30 pSv/yr (3 mrem/yr).
Maximum field for which unrestricted accessis allowed
for trained radiation workersis 6 uSv/h (0.6 mrem/h).
Guidelines for radiation exposure to workers who must
work in radiation environments are that total dose
accumulated in one week must be less than 0.3 mSv
(<30 mrem/wk).

2.3 Regulations and applications at CERN

M Silari contributed the following section relating to
radiation protection at CERN.

CERN radiation protection policy stipulates that
exposure to ionizing radiation to people, and the
radiological effects on the environment shall be as low as
reasonably achievable (ALARA). This policy is in line
with the radiation protection regulations in force in the
two Host States (France and Switzerland) and with the
recommendations of established international bodies such
as the International Commission on Radiological
Protection (ICRP). The general principles of CERN
policy, personnel protection, classification of working
areas, the rules to handle radioactive material and sources,



and the protection of the environment are addressed in the
CERN Radiation Safety Manual (CERN, Safety Code F,
1996.)

2.3.1 Classification of areas and dose-rate limits

Certain parts of the fenced land belonging to CERN are
considered to be Designated Areas. Outside these areas,
the dose must be kept below the limit of public exposure
(1 mSv/yr). Thus persons who spend their entire working
time outside Designated Areas cannot be regarded as
being occupationally exposed.

Designated Areas are either considered as Supervised
or Controlled areas. The former are areas in which
working conditions are constantly kept under review but
no special procedures are required. Those employed there
are unlikely to receive effective doses above 1 mSv/yr
(again, the annual exposure limit to a member of the
genera public) in the course of their normal work, taking
account of their working hours. In Controlled Areas
normal working conditions will require persons to follow
well-established procedures and to have been given
specific information and training concerning radiation
exposures, and so to have been designated as “radiation
workers.” In the normal course of their work, such
persons are liable to receive an effective dose greater than
1 mSvlyr, i.e an effective dose greater than the limit for
persons who are not individually monitored.

In order of increasing severity of control, Controlled
Radiation Areas are classified as:

Simple controlled areas, where persons working in the
area must carry personal monitors (film-badges), but
where all necessary precautions are taken to ensure that
normal work over a year will not give rise to an
effective dose greater than the limit for persons being
exposed to radiation in the course of their work (20
mSv over 12 months).

Limited-stay areas, where persons working in the area
must carry personal monitors (film-badges) and where
permanent residence (i.e. office or work bench) in the
area is not permitted. An Operational Dosimetry
System (eg, quartz fibre dosimeters, electronic
dosimeters, etc. carried by each worker) is necessary to
control the rate of accumulation of dose during work in
such areas.

High radiation areas, where dose rates may reach
levels (2 mSv/h) such that doses up to the annua limit
could be received in less than ten hours work in
localised zones inside the area. No visitors can be
allowed and strict access control must be maintai ned.
Prohibited areas, where dose rates may reach levels
(100 msv/h) such that the annual dose limit could be
reached in less than ten minutes’ work in localised
zones inside the area. Access can only be authorised
under very special circumstances.
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The classification of the preceding areas is a function of
the dose rate and the envisaged occupancy times. Thereis
one other type of area classification, that of an Exclusion
Areawhere, because of the risk of high levels of radiation
during circumstances such as beam operation, access is
excluded by an integral perimeter fence and an interlock
system.

One Design Constraint for all accelerator installations
is that the dose rate in an accessible area from a
continuous loss under the worst credible circumstances
should never exceed 100 mSv/h. Above this limit, access
must not be possible because the area becomes a
Prohibited Radiation Area.

Experience has shown that annual doses remain well
below the annual dose limits if one takes as a Design
Constraint that the dose rate in a Simple Controlled Area,
averaged over 24 hours for normal, expected loss
situations, is kept lower than 10 uSv/h. The Design
Constraints for other classes of areas where people are
likely to work permanently, are summarized in the table
below. It should be noted that these dose-rate constraints
are supplemented by installing radiation monitoring
systems set to warn operators if levels exceed three times
the design level during actual operation. If levels exceed
ten times the design constraints the offending operation
must be stopped. This allows the shielding to be improved
or the area classification hardened.

Design dose-rates outside shielding

Area classification Doserate
Normal loss
Simple Controlled <10 pSv/h
Supervised <1 pSv/h
Non-designated <100 nSv/h
Maximum loss rate <100 mSv/h
Any area

One then has to reach a balance between these different
constraints. For example, if in a Simple Controlled Area
the shielding attenuation provided meets the constraint for
afull-loss, it will automatically meet the normal dose-rate
congtraint of 10 uSv/h if the lossis less than 0.01 % of the
full beam. For expected losses above this level, extra
shielding is needed. Even at that level of expected loss,
interlocked monitors must be provided.

2.3.2 Protection of the environment

CERN pays a lot of attention to protect persons living in
the vicinity of the Organisation site against ionizing
radiation. In al circumstances the regulations and
standards decreed by the Host States must be guaranteed
by CERN on the site and outside its boundaries.
Protective measures are taken against the various sources



of radiation hazards, namely direct exposure from
radiation escaping from the site, radioactive releases
(gaseous and liquid) connected with the operation of the
accelerators, the disposal of radioactive waste (liquid and
solid), the transport and dispatch of radioactive materials,
and the radioactive emissions in the event of incidents or
accidents.

The value of ambient dose equivaent caused by
ionizing radiation or radioactivity emitted by CERN
beyond the boundaries of its site must not exceed 1.5 mSv
per year. The effective dose resulting from CERN
activities and received by any person living or working
outside the Organization’s boundaries must not exceed 0.3
mSv per year. This limit includes both externa and
internal exposure, the latter resulting from the intake of
radioactive releases. These emissions must be limited in
such a way that the annua effective dose from these
releases for persons living outside the Organization’s
boundaries does not exceed 0.2 mSv.

3 BEAM LOSS—-ACTIVATION CALCULATIONS

Radiation associated with accelerators can be divided into
two distinct categories: prompt and residual. Both are
clearly dependent on beam loss, but the former drives
shielding requirements mainly for fast neutrons, while the
latter relates to radioactivity levels in accelerator tunnels
after the accelerator has been turned off that affect
personnel access and maintenance procedures.

The primary emphasisin this Working Group was the
evaluation of residual radiation levels in accelerator
tunnels. Three different code suites were presented for
converting beam loss into activation levels, these being
based on: LAHET, developed a Los Alamos;
HETC/MCNP/ORIHET a Osak Ridge and MARS at
FNAL. Note, these three approaches are also used for
assessing overall shielding requirements, and prompt
radiation fields.

The basic result from al three calculationa
approaches is that if beam loss can be kept to below 1
watt per meter aong the accelerator length, radiation
levels will be adequately low to allow for hands-on
maintenance. The constant “power” level roughly folds
in the energy-dependence of radioactive product yield,
and hence the tolerance to higher number of particles lost
at lower energies. Note, however, that for accelerators
producing megawatt beams, “alowed” beam losses are
partsin amillion or less per meter of length.

In comparing results from each calculational method,
difficulty in performing direct intercomparisons was
noted because of the lack of a “standard” parameter set.
In order to facilitate such intercomparisons, such a
standard set was proposed for adoption:

Dose rate determination:
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 Following 100 days of steady-state operation
« Measured 30 cm from machine component surface
 After a4-hour cool-down time

Several rules of thumb were presented to facilitate
intercomparisons, and to use as practical guides for
assessing radiation environments:

e Sullivan formula for time-dependence of dose at a
given location:

D=Dg* In(1+Tj/TQ)

Where D is dose, D is the benchmark dose, Tj is the
irradiation time, and T the cooldown time. Formula
is valid for copper and iron, and where Tj is greater
than 30 days and T greater than 1 hour. Thisformula
provides a guideline for the amount of time required to
allow structures to cool down to levels appropriate for
maintenance.

The decrease over time of radiation fields is roughly
independent of beam energy, so cooldown time for
boosters or higher-energy accelerators will be about
the same.

Dose rates scale roughly as Ur, the radial distance
from the beam center.

3.1 Calculation results (for “standard conditions”
and 1 W/m beam | oss)

3.1.1 Osk Ridge: 0.8 mSv/h

Per Santoro et a (R. Santoro, J. Johnson J. Drishler,
“Dose Rate Inside the SNS Linac Tunnel from Activation
of the Magnet Copper Conductor and the Concrete Wall”,
SNS Technical Note SNS/TSR-0130, 3/99), radiation
levels following 100 days of irradiation and 4 hours
cooldown, at a distance of 50 cm from the edge of a
copper block in which 1 nA of 1 GeV proton beam is
stopped, are calculated to be 0.5 mSv/h. This scales to
0.8 mSv/h at 30 cm, using the above Ur guideline. Again,
HETC and MCNP were used to calculate neutron fluxes
and overall nuclide production; ORIHET produced the
gamma spectra and ANSIN the radiation fields resulting
from the assumed geometry. This geometry had a 7.5 cm
radius, 1 meter long copper cylinder stopping the beam,
sitting at the center of a 2.3 meter radius concrete tunnel.
Although activation of the concrete is calculated,
radiation fields are dominated by the copper.

3.1.2 LosAlamos: 0.9 mSv/h

Per Fikani (M. Fikani, “Activation Dose Rates in the
Accelerator Tunnel -2”, APT memo PPO-TPO-mem-
01551, 11/98), radiation levels are calculated via LAHET
code suite in a periodic structure consisting of
quadrupoles between superconducting cavities. The



quadrupoles are assumed to be primary sources of beam
loss, and the 0.9 mSv/h value is calculated in proximity to
these magnets. As such it is then an overestimate of
average radiation field, by about afactor of two.

3.1.3 Fermilab:
0.9 to 2 mSv/h, areas with little self-shielding
0.005 to 0.01 mSv/h close to ring magnets

Krivosheev and Mokhov (reported this conference)
presented calculations using the MARS suite of codes for
the FNAL 8 GeV Booster, and for the proposed 3 GeV
preBooster and 16 GeV Booster for the Proton Driver
project. Remarkable is the wide variation in the
calculated radiation levels, dependent on the particular
accelerator configuration. In areas close to large bending
magnets, the steel provides a great deal of self-shielding,
dropping radiation levels by a large factor. Note, the
numbers given are scaled according to the above
guidelines, calculations were performed for dose rates at
magnet surfaces. This scaling (by 1/r) is probably
inaccurate as radiation field will be determined by line-of-
sight from more highly activated components as one
moves away from the magnet surface.

Note, the Oak Ridge and Los Alamos cases were
calculated for basic linac configurations, without large
bulks of steel that contribute so substantialy to self-
shielding. On the whole, the consistent agreement, for
similar arrangements of material, between the three
different methods is quite remarkable, and it is clear that
any differences are far outweighed by specific differences
in configuration of accelerator componentsin the tunnel.

3.2 Benchmarking

Agreement between different calculations is of course
quite encouraging, however it is important to verify that
these calculations are consistent with real measurements.
Aswill be seen in the next section, accurate experimental
measurements that could be used for such benchmarking
are not available. Nonetheless, measurements that have
been made are not inconsistent with the above
calculations.

4 BEAM LOSS—-ACTIVATION MEASUREMENTS

Surveys of radiation levels in accelerator tunnels are
routinely performed after a shutdown and prior to
allowing personnel access. These measurements are
performed for personnel safety and cannot as such be
used as controlled experiments with data readily suitable
for the above-stated benchmarking purposes. The
uncertainty lies in the lack of a clear quantitative
determination of the source term, namely the spatial and
temporal profile of beam loss along the accelerator or
transport structure.
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Work was reported at this Workshop from Los
Alamos and Fermilab of attempts to correlate activity
measurements with quantitative beam-loss
determinations, but these efforts have not yet yielded the
level of data needed for a fully quantitative comparison
with code calculations.

An instrumented experimental setup is being
developed on the FNAL Booster, with extracted beam
running into a steel cylinder stopper, in which controlled
gamma measurements can be performed following known
particle fluences stopped in the steel. Measurements with
this system could provide the required benchmarking
data. The main issue with this experiment will be to
accumulate sufficient running time to properly simulate
actual conditions in a normally-operating accelerator
schedule.

Note, a number of “shielding experiments” have been
performed at various sites over the years, for the purpose
of benchmarking codes and assessing shielding needs for
new facilities. These efforts have mainly concentrated on
containment of prompt radiation. The work described in
this section refers mainly to measurements related to
residual radioactivity in the tunnels that affect
maintenance procedures.

4.1 LANSCE Linac

Activation profiles along the length of the linac have been
made, which clearly identify the areas of beam loss. A
figure is shown in Hardekopf’s contribution to this
Workshop’s proceedings. These measurements have
proven very valuable in assessing beam-dynamics design
issues, and the importance of matching beam parameters
with transport lattice optics. As could be anticipated,
losses occur primarily in the vicinity of quadrupole
magnets, where beam envelopes are large, and in areas
where mismatched beam conditions occur.

A model for the beam loss profile was developed by
G. Lawrence, in which he folded onto the measured
activation levels the energy dependence of neutron-
production for protons striking steel and copper, and used
the total measured beam loss in the accelerator (approx.
400 nA for full-power — 1.2 mA 800 MeV operation) as
normalization to obtain a quantitative beam-loss profile
along the accelerator. Results, as reported by Hardekopf,
are between 0.25 (at high energies) and 0.6 (at the highest
loss points around 100-200 MeV) mSv/h per W/m of
beam loss. Note, the activation measurements were made
in accordance with the “standard” conditions described in
the previous section.

While qualitative agreement is good, the disparity
along the length of the linac, and the probable uncertainty
in measured beam loss (less than a part in 10°) make the
authors state that, “these measurements... do not lead to
an accurate experimental calibration... of the Monte-
Carlo calculations.” [Hardekopf, these proceedings).



4.2 LANSCE - PSR

Thorough radiation surveys around the PSR have been
taken, with measured levels ranging over a factor of 100
(1 to 100 mSv/h) at different points in the ring. Known
points of very high loss are the injection and extraction
regions.

Evaluations by Fitzgerald [again reported by
Hardekopf] point out the uncertainty of ascribing the
distribution of beam loss around the ring, and depending
on the model employed return values of activity levels
between 1 and 2 mSv/h per W/m, for again the “standard”
conditions. While qualitatively close to the calculations,
the factor of two uncertainty renders these measurements
again not suitable for detailed quantitative comparisons.

4.3 FNAL Linac

Activity plots aong the linac length were reported by
Webber showing hot spots a several points,
corresponding to DTL-CCL matching areas and places
where possible misalignments cause higher beam loss.
However, except for stating that typical efficiency of
beam transport from 10 MeV to 400 MeV is around 95%
(implying approx. 25 nA lost along the linac length), no
report was given of a quantitative comparison between
beam loss and activation level. Because of the overall
low duty factor of this linac, the activity levels have not
been considered as a serious problem to hands-on
maintenance that would reguire mitigation beyond normal
precautions.

4.4 FNAL Booster

Webber also reported measurements around the 8 GeV
Booster. Considerable work has been done in this area,
however the primary concerns have been with the
adequacy of shielding against prompt radiation as currents
have increased in the Booster.

Tunnel activity surveys have been taken as well, but
again have not been correlated with beam losses to
determine benchmark data.

In principle, however, it might be possible to obtain a
reasonably good data set from the Booster. An extensive
survey of prompt radiation levels above the shielding
have been taken, which can provide the loss patterns
around the ring, after extrapolation back through the
shielding material at each location. As reasonably good
measurements have been made of beam loss, from normal
beam diagnostics (and as losses are large enough to be
measurable within the accuracy of these instruments), a
good normalization factor could be developed for the
prompt loss pattern. It is clear, however, that developing
a good data set via this technique would involve
considerable effort.
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Still the best approach for benchmarking would be a
dedicated experiment. Such a prospect was presented at
the Workshop: a block of steel placed at an auxiliary
extraction point, in an area where suitable monitoring
instrumentation can be located.  Under controlled
conditions, residual radiation fields around the stopping
point can be measured, with a very well-defined source
term.  The issue, however, will be to be able to
accumulate a sufficient amount of running time to
simulate actual accelerator operating conditions. Best
would be to be able to continuously accumulate beam on
this target in a parasitic mode during the normal operating
schedule. Meaningful benchmarking would require at
|east three months of continuous operation in a consistent,
reproducible mode.

5 BEAM LOSSESAT OPERATING
HIGH-CURRENT RINGS

Accelerator technology is pushing in the direction of
higher and higher intensity beams. Beam |oss becomes an
increasingly important element in the operation of these
machines, due to activation or downright destruction of
components, with the associated problems of limited
access for maintenance, and operational delays.

The table below lists currently-operating high-current
rings, highlighting principa